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THE EVAPOKATION PROCESS AND ITS APPLICATION 
TO THE ALUMINIZING OF LARGE 
TELESCOPE MIRRORS 


JOHN STRONG 


ABSTRACT 


A history of the evaporation process is given. This includes the contributions by 
Ritschl and others and describes the present technique in detail. 

Formulae are developed which give the thickness of the film produced by a circular 
array of evaporation sources. Applications for the cases of 40-inch and the 108-inch 
tanks are discussed. Reference is also made to the application of non-uniform films in 
the figuring of mirrors. Methods of cleaning mirrors preparatory to coating are dis- 
cussed. The technique of obtaining high vacuum in large tanks is treated. 

The reflectivities and other properties are given for evaporated films of aluminum 
and silver, as well as a Cr, Pt, Pd, Rh, Sn, Au, and Cu. This includes observations on 
aluminized astronomical mirrors now in use for over three years. 

The results of a study of the oxidation (corrosion) of aluminum by means of meas- 
urements on transmissivity and reflectivity of partial films is reported. 

The different sets of equipment that have been developed in increasing size up to the 
108-inch tank are described. 

The history of the application of the process to astronomical mirrors is given. 


INTRODUCTION 

A process for coating glass mirrors with a reflecting material is 
described. It involves the evaporation of the material (usually a 
metal) in a high vacuum and is therefore called the ‘evaporation 
process.’ The metal is heated until it has a vapor pressure of the 
order of 1/10 mm of mercury. The vacuum is sufficiently high to 
give a long free path (greater than 100 inches), so that the evaporat- 
ed molecules travel without intermolecular collisions from the hot 
metal source to the cold surface of the mirror. The attainment of 
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this vacuum during evaporation is evidenced by the sharp shadows 
cast in the evaporated film by obstacles placed between it and the 
evaporation source. The remarkable feature of the whole phenome- 
non is that the film, condensed on the mirror, has the same degree of 
polish as that possessed by the glass. A mirror freshly coated by this 
process does not, therefore, require any burnishing. 

C. Hawley Cartwright and the author studied the application of 
this process to many metals, including aluminum, but it was not 
until the technique for aluminum was developed by the author that 
films of high quality were obtained which showed its potential value 
for coating astronomical mirrors. 

The application to very large mirrors seemed to offer some diffi- 
culty, especially in the attainment of the necessary vacuum. Recent 
advances in vacuum technique and, in particular, the advent of oil 
diffusion pumps, have helped to make this application possible. 


HISTORY OF THE EVAPORATION PROCESS 

Pringsheim and Pohl’ discovered that several metals, including 
aluminum, could be evaporated in vacuum and condensed on a glass 
surface to form a polished reflecting film. They used a magnesia 
crucible from which to distil the metal. R. Ritschl,? in 1928, in mak- 
ing an application of the evaporation method to the preparation of 
half-silvered interferometer mirrors, heated the metal in a bare 
tungsten coil. This change in technique has the advantage over the 
use of a magnesia crucible that the tungsten does not evaporate or 
out-gas so much in a vacuum. 

Since then several physicists have used this technique for making 
mirrors for experimental use. Those with whom the author is ac- 
quainted are A. H. Pfund,* Joseph E. Henderson,‘ D. L. Webster,° 
W. W. Nicholas,° H. C. Burger and P. H. Van Cittert,’ P. G. Kruger, 


t Verh. d. Deut. Phys. Ges., 14, 506, 1912. 

2 Tatigkeitsbericht d. Phys. Techn. Reichsanstalt, 1928; Zs. f. Phys., 69, 578, 1931. 
3 Rev. Sc. Instr., 1, 397, 1930. 

1 Evaporation of Nickel from Tungsten, Yale University, 1926. 

5 Proc. Nat. Acad. Sci., 14, 679, 1928. 

6 Circ. Bur. of Standards, No. 389. 

7Zs. f. Phys., 66, 218, 1930. 
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Robley C. Williams,*-? George B. Sabine,'® C. Hawley Cartwright,"-” 
and Hiram W. Edwards." 

The author began his experiments at the University of Michigan 
in 1929, starting with a technique described by Professor L. S. Orn- 
stein during his visit there. The experiments, originally started by 
Professor E. F. Barker and later carried on by the author, included 
not only the evaporation of metals but also their protection from 
tarnish by a thin film of evaporated quartz. This distillation of a 
non-conductor is a possibility of the evaporation process not shared 
by the sputtering method. Films of quartz, as well as of AgCl, were 
applied by this method to alkali halide prisms, used in infra-red 
spectroscopy, to prevent them from tarnishing with moisture. Silver 
chloride was found to give the best protection for these prisms. 

Cartwright and Strong," at the California Institute of Technology, 
in the autumn of 1930 developed a simple apparatus for carrying out 
the process and made a survey of its applicability to different metals. 
The usual technique of heating some of the metal to be evaporated 
in a helix of tungsten wire was found to be successful, except with 
aluminum and beryllium. They observed that the tungsten coil was 
dissolved by these metals. A similar failure for aluminum was re- 
corded by W. W. Nicholas in the Bureau of Standards circular, The 
Making of Mirrors by the Deposition of Metal on Glass. 

EVAPORATION TECHNIQUE FOR ALUMINUM 

Other attempts” have since been made to develop the technique 
of evaporating aluminum because of its high ultra-violet reflectivity. 
Experiments were carried out here with crucibles of graphite, pure 
fused magnesia and alumina (sapphire), as well as with sintered and 
with fused crucibles of thorium oxide. They showed that the heating 
in a crucible was apparently impractical; either the metal reacted 
chemically with the material of the crucible or the latter evaporated 
when the aluminum was heated. The latter crucible material was 

8 Phys. Rev., 41, 255, 1932. 

9 [bid., 46, 146, 1934. 

10 Ab. J., 77%) 316, 1933- 

1" Rev. Sc. Instr., 2, 189, 1931. 


2 Tbid., 3, 298, 1932. 
13 Phys. Rev., 43, 205, 1933. Rev. Sc. Instr., 4, 449, 1933. 
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prepared by a method described by W. H. Swanger and F. R. 
Caldwell." 

The bare tungsten-coil method, however, proved to be the most 
practical after the discovery by the author that tungsten has a 
limited solubility in molten aluminum.'® The burning-out of the 
tungsten coil was avoided by the simple expedient of making it of 
larger wire and arranging the charge so that the solubility of the 
molten aluminum for tungsten could be satisfied without dangerous- 
ly reducing the diameter of the wire. A chemical analysis of the 
tungsten alloy formed when aluminum is fused on a tungsten coil 
showed the solubility of tungsten in aluminum to be about 3 per cent 
by volume. 

It might be expected that some of the dissolved tungsten would 
boil away, especially since its spectrum has been observed in the bell 
jar during evaporation."® In order to test this point a coil was 
weighed before and after evaporating several charges of aluminum. 
Instead of a loss in weight, an increase was observed, indicating that 
some aluminum had diffused into the tungsten. Extended firing at a 
very high temperature decreased the weight, however, until, within 
the experimental error, it became the same as in the beginning. A 
chemical analysis of the condensed metal film gave no definite indi- 
cation of tungsten. A concentration of 0.03 per cent by weight was 
judged detectable by Dr. T. F. Anderson, to whom I am indebted for 
the chemical analysis. He found o.2 per cent of iron as the chief im- 
purity of the film. The tungsten which is dissolved thus appears to 
be almost completely precipitated back on the coil as the evaporation 
proceeds. It may not deposit in exactly the same place, but it does 
compensate in a large measure for the decrease in diameter of the 
tungsten wire, especially if the coil is turned over after each charge. 
Ordinarily one coil lasts for the evaporation of about a dozen charges. 

The final arrangement of the coil, which has been used for aluminiz- 
ing all mirrors at the California Institute of Technology, is shown in 
Plate XIV. It is in the form of a helix, consisting of ten turns of 30- 
mil tungsten wire, ;°,; inch in diameter and pitched four turns to the 
inch. A U-shaped piece of aluminum wire 1 mm in diameter and 

14 Bur. of Standards J. of Res., 6, 1131, 1931. 
Ss John Strong, Phys. Rev., 43, 498, 1933. 
16 E, Gaviola and John Strong, ibid., 38, 136, 1935. 
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about 10 mm in total length is clamped to each turn, as is shown by 
the top coil in the illustration. A potential of 20 volts applied to 
the coil in vacuum for four seconds fuses these pieces, as is shown by 
the coil in the middle. At this stage surface tension keeps the molten 
aluminum from dropping. This fusion also serves to free it from 
oxide and other impurities. It is customary to make a separate run 
in order to effect this melting of the aluminum to the tungsten wires 
in all the tanks except the 4o-inch. Here the coils are covered by < 
baffle during the preliminary firing. The aluminum is distilled from 
the coils by the same voltage applied to each coil for fifteen seconds, 
leaving the coil as is shown at the bottom of the illustration. 


UNIFORM FILMS 


In order to get a uniform coat on the mirror, it was early decided 
to distil the metal on the large reflector surface from several tungsten 
sources suitably arranged, rather than from one movable source. 

The evaporation of polonium in a high vacuum from a point 
source has been investigated by Bonet-Maury."’ He finds that the 
condensation on a plane surface is proportional to the inverse square 
of the distance from the source and to the cosine of the angle between 
the normal to the surface and the line connecting the surface with 
the source. We have no reason to suspect that such is not the case 
for other metals which have a low vapor pressure at room tempera- 
tures. 

Starting with this, we may consider the distribution of the film 
thickness 7 produced by various experimental arrangements. In the 
case of evaporation to the inside surface of a sphere of radius p from 
a point source of vapor at its center we get a uniform film whose 
thickness, 7, is 
_ om 
gmp?” 


Here m is the mass of metal evaporated and 6 is its density. 


The film thickness on a plane surface at the normal distance p 


from a point source at P is 


m p\3 
Tp=—,, COS 0=7 ( P 
47or- r 


17 Ann. d. Phys., 11, 285, 1920. 
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Here 7, is the thickness at distance p, r is the distance from the 
source to P, and @ is the inclination of the surface at P to the molec- 
ular rays emitted by the source. 

The film thickness produced on a plane surface by a circular array 
of vapor sources was studied. If there are N coils spaced uniformly 
around a circle at a distance p from the surface to be coated, the 
film thickness at P, which is at a distance a from the intersection of 
the axis of the circle with the face of the mirror, is given by the ex- 
pression 

Mp ~o1 
"P and5N — rs 
Here M is the total mass of metal evaporated and r is the distance 
from P to the respective ith coil. 

Dr. Edward M. Thorndike made the same calculation, assuming 

a continuous circular source. The thickness is given in this case by 


_ Mp { "do 
"P 8x6 rs" 


This calculation involves the integration"® of the expression 


"do 25 dé ‘” 
ro (1+ a?+ p?— 2a cos @)3”? 
4 2Va —) 


[((a—1)?*+p']V (a+1)?+p? \W(a+1)?+p? 








6 defines the position of the element d@ of the circular source in- 
volved in the integration. Values of this integral, calculated by 
Thorndike, are given in Table I. 

We see from this table that for p=1 the film is quite uniform as 
far out from the center asa=1. This case was realized in the 40-inch 
tank by a circular array of twelve of the standard coils (Pl. XIV) 
spaced around a circle 36 inches in diameter, 18 inches above the 
face of the astronomical reflector to be coated (Fig. 1). Tests of 


18 J). Bierens de Haan, Nouvelles tables d’intégrales définies, Table 67, eq. 3, p. 102. 
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TABLE I* 
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20 


























: dé ’ 
VALUES OF THE INTEGRAL FOR VARIOUS PARAMETERS 
r 
°o 
| 
| | | 
. p=0.5 | p=1.0 | p=r.1 p=1.2 p+2.0 p+=4.0 
é | 
0.00 4.50 2.23 I.QI 1.65 560 ogo 
0.25 4.82 | 2.24 | 1.93 1.65 555 | ogo 
0.50 3.96 | 2.29 1.93 1.63 540 088 
0.75 72. | “ae 1.89 1.57 sis | 085 
0.50 2.27 | 
0.90 | Quam] : | a 
I.00 8.28 | 7 ep 1.74 1.45 480 082 
> | ) | 
1.50 3.40 E..30 I.0g I.02 355 072 
2.00 I.20 | 0.74 | 6.69 0.61 285 .068 
3.00 0.28 | 0124 |} 0.23 0.22 | 145 050 
* a and p are expressed relative to the radius of the source taken as unity. 
{ 
a= > 
= 
i* A 
_— [P————._6 
= x b Ly 
oF - 4 fan. , : B 
¥, 
bets : 
I 7 a 
; O 
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Fic. 1.—Diagram of apparatus for aluminizing mirror. A, mirror to be aluminized 
(36-inch diameter); B, bell-jar (393 in. inside diameter); C, base plate; D, groove for 
lead fuse wire gasket; /, bolts to fasten bell-jar to base plate; F, filaments of tungsten 
wire from which aluminum is evaporated; G, conductors to supply current to filaments; 
H, switch; /, baffle; J, packing gland for switch control; K, electrode for cleaning the 
mirror face; L, observation window; M, pump connection; JN, plate to carry filaments 
and switch; O, removable brass cylinder to carry V 
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transmission of a film produced with partially loaded coils showed 
that the coat had the expected uniformity. 

In the 108-inch tank it was not convenient to use a similar array of 
coils spaced 50 inches from the face of the mirror. Instead, three 
arrays were used, each about 20 inches from the mirror. From the 
expressions developed above, as well as from actual tests, it was 
found that with four coils in the center, twelve on a circle of 50-inch 
diameter, and twenty-four on a circle of 100-inch diameter, the film 
would have sufficient uniformity. The arrangement is shown in 
Plate XV. 

The foregoing arrangement produced a film which was just opaque 
to sunlight. It was desirable to have this thickness (about tooo A) 
since much thicker films are more easily scratched, while thinner 
ones may in time become transparent because of the gradual in- 
crease in thickness of the oxide layer which forms on the aluminum 
coat. 

NON-UNIFORM FILMS 

The film may be made non-uniform in thickness as desired, by a 
suitable arrangement of the evaporation coils or by the use of 
baffles, thus allowing the figure of a mirror to be altered. It is unde- 
sirable for the mirror to be refigured every time that it is given a new 
reflecting coat. Utilizing the insoluble nature of chromium,”> we 
have devised a scheme whereby the mirror is figured with chromium. 
A uniform reflecting coat of aluminum may then be added or re- 
moved without affecting the true surface given by the chromium 
film. John Strong and E. Gaviola’® have reported on the successful 
parabolizing of a 12-inch f/7 spherical mirror. This technique is 
described in an article appearing in the April, 1936, issue of the Jour 
nal of the Optical Society of America. 

CLEANING THE GLASS 

It is important that the surfaces to be aluminized be clean. Diffi- 
culty is met in freeing it from the contamination which is usually 
deposited by cotton used for drying and which is believed to be a 
film of fatty acid. If it is not removed, it reacts with the aluminum; 


19 Meeting of the Astronomical Section of the American Association for the Ad- 


vancement of Science, June, 1935. 


PLATE XV 





INSIDE VIEW OF THE 108-INCH TANK, SHOWING ELECTRICAL LEADS AT LOWER 


RIGHT, OUTER ARRAY OF 48 COILS, INTERMEDIATE ARRAY OF 24 COILS, 
AND CENTRAL ARRAY OF 8 COILS AND ELECTRODE WITH ATTACHED AERIAL 
FOR ELECTRICAL CLEANING DISCHARGI 


The tank was lined with Apiezon wax-IV 
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a completed mirror which at first looks perfect will develop, in a day 
or two, countless tiny blisters. Even if these blisters do not develop, 
the adhesion of the aluminum is weakened. In former papers 7°" a 
procedure was described for removing this film by a glow dis- 
charge. 

The glass surface to be aluminized is cleaned by washing it with 
the detergent, Alphasol, then with KOH, and finally with concen- 
trated HNO,. The mirror is rinsed between each washing, with tap 
water. This order of the reagents is the reverse of that used in silver- 
ing because it has been observed that fatty acids adhere to the al- 
kaline glass surface more readily than to the acidified glass surface.” 
After washing with tap water and finally with distilled water, the 
surface is dried and rubbed with absorbent cotton. The breath 
should condense on the glass, after this treatment, to form a uniform 
structureless gray film. If a pattern persists in the breath figure, it 
may be removed by a light rubbing with a rouge pad, after which 
the foregoing cleaning process is repeated. Small mirrors which can- 
not be conveniently held for drying without contamination from the 
fingers may be allowed to drain and dry by evaporation. Even 
though the breath figures in this case may have some structure, the 
use of the glow discharge will usually result in an excellent mirror. 
Very small mirrors may be simply treated in a beaker with the vari- 
ous reagents, rinsed and arranged to dry on a tuft of absorbent cot- 
ton. 

The Alphasol’; referred to above is one of the new detergents,”4 
all of which have in common the constitution of sulphonated or- 
ganic compounds of high molecular weight. These detergents have a 
neutral reaction and their advantage over soap lies in the fact that 
they may be used in neutral, caustic, or even acid solutions. Unlike 
soaps, the new detergents form soluble compounds with the mag- 
nesium and calcium salts common in tap water, and therefore rinse 
easily. 

20 John Strong, Pub. Astr. Soc. of Pac., 46, 18, 1934. 

t John Strong, Rev. Sc. Insir., 6, 97, 1935. 

22 See also Katharine B. Blodgett, J. Amer. Chem. Soc., 57, 1007, 1935. 

23 The compound Alphasol O T is manufactured by the Selden Division of the Ameri- 
can Cyanamid and Chemical Corp., Bridgeville (Pittsburgh), Pa. 

*4R. A. Duncan, J. Ind. and Eng. Chem., 26, 24, 1934. 
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The cleaning of astronomical mirrors is much more difficult than 
the cleaning of small pieces of plate glass, because of the rouge and 
oxidized pitch in the rough ground edges as well as in bubble holes 
which are often present in the face of the mirror. It is difficult to 
avoid spreading such contamination when the mirror is rubbed with 
cotton. 

The glow discharge necessary for the final cleaning of the mirror 
is conveniently produced throughout the inside of the tank by a 
spark coil, or a 1-kw transformer in the case of the 108-inch tank. 
The discharge is produced by an electrode, or an aerial in the case of 
the 1o8-inch tank (Fig. 1 and Pl. XV). 

One advantage of the chroluminum process developed by Williams 
is that it facilitates the aluminizing of mirrors which are otherwise 
difficult to clean. This can also be attained with double films where 
the underlying one is not chromium. The chromium, however, ex- 
hibits strong adhesion to glass,?> without the extreme cleanliness 
that is required for good adhesion with aluminum. Furthermore, the 
chromium film is very hard. The aluminum adheres strongly to the 
freshly formed chromium surface. It is not, however, necessary to 
coat the mirrors with a double film if the cleaning technique de- 
scribed above is employed. 

After installation in the telescope it is advisable to wash alumi- 
nized mirrors from time to time to remove dust and other contamina- 
tion which accumulates with use. This is done with Alphasol, as this 
detergent may be rinsed off with tap water without leaving any 
stain. Surface film not removed by this washing wil! frequently dis- 
solve in concentrated nitric acid. Sometimes it is possible to remove 
faint bloom with a rouge pad such as is commonly used to burnish 
silvered mirrors. 

VACUUM TECHNIQUE 

The first apparatus constructed for the application of the evapora- 
tion process was equipped with high-speed mercury pumps. This 

25 It has been discovered here that chromium films may be removed with cold hydro 
chloric acid if a little zinc dust is first sprinkled on the metal, otherwise it is not easy 
to remove them. Another technique involves making the film cathode in concentrated 


HCl. Once the solution is started, it will proceed regularly over the surface of the 


mirror. 
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will be referred to later. Cartwright and Strong later recommended 
charcoal absorption since, unlike most other cases where high vac- 
uum is required, the absorption capacity of charcoal is entirely ade- 
quate for the short time involved. 

One plan for evacuating the 4o-inch tank involved the use of the 
charcoal absorption trap shown in Figure 2. The charcoal was 
outgassed with the heater unit . 
shown in the figure. The water- 
cooling coils dissipated the heat 
radiated by the charcoal. After 





SILVER SOLDERED” | 
TOINTS 







his RUBBER GASKET 














this the heater units were with- J SPACER 
- E ELECTRIC HEATERS 
drawn; the charcoal was cooled = -}“sa’®—- {HE} ane our 
cosey | fonts CHARCOAL 
to room temperature with tap 
\ ; 
water and then to a very low \ / ; 
“4 / ABSORBENT 
temperature with liquid air. \ — 


WATER COOLING 


About 25 pounds of liquid air 
were used in making one evapo- 
ration with the 4o-inch tank. 
The vacuum attained, although 
not as good as that obtained with t= 
diffusion pumps, was sufficient 
for carrying out the evaporation. 
A rough estimate of the pump- 
ing speed of this trap indicated a 
value for air of about 30 liters 2 nuaech Hose 1 WPERWC PIMP 


! 
SCALE IN INCHES 








per second for several minutes. 
However, the method was aban- 
doned in favor of Apiezon-oil 
diffusion pumps, because they have a high pumping speed for 


Fic. 2.—Charcoal absorption trap for 
obtaining high vacuum. 


hydrogen, one of the gases evolved during evaporation. 

The Apiezon-oil pumping systems will be treated in a separate 
paper to be published in the Review of Scientific Instruments. It will 
be sufficient here to describe the general features of the pumping 
system for the 108-inch tank. 

The original plan called for a charcoal trap with this pumping 
system, similar to the one described above, which could be cooled 
with “‘dry ice.”’ However, it was not found necessary to use it. A long 
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vertical pipe (Pl. XVI) was constructed to contain this trap. This 
pipe was connected with the 108-inch tank as well as with the hori- 
zontal manifold which supports the diffusion pumps. The manifold 
was connected to the three 8-inch diffusion pumps on the right, 
which discharge into a chamber above the 8-inch pump on the left 
through two manifolds, one in front and the other behind the pumps. 
This pump is, in turn, backed by a 6-inch and a 23-inch pump. Two 
Hypervac mechanical pumps serve to maintain the fore-vacuum for 
these diffusion pumps. They were capable of evacuating the tank 
to a pressure of 10°? mm in approximately eight hours. The glass dis- 
charge tubes for testing the vacuum were connected, respectively, 
with the inlet and the exhaust of the last stage of the pumping sys- 
tem, i.e., with the three 8-inch pumps at the right, which were ar- 
ranged in parallel connections. 

After the tank is sealed the mechanical pumps are started. In 
about eight hours they lower the pressure to a point at which the 
diffusion pumps may be turned on. When the diffusion pumps are 
hot, about three-quarters of an hour after the current is switched on, 
they begin to pump. This is shown very clearly by the discharge 
tubes. The tube to the right has a greater conductivity and shows a 
stronger discharge than the left one when they are both at the same 
pressure. When pumping starts, the discharge at first equalizes and 
finally disappears completely in the right tube. Soon after, the dis- 
charge also disappears in the other tube. 

The purpose of this rather elaborate pumping system is not so 
much to realize a degree of vacuum at which the evaporation process 
can be performed, for one hypervac pump gives a vacuum of 5 X 1074 
mm of mercury in the 108-inch tank. Its purpose is the maintenance 
of a high vacuum after evaporation is started, in spite of the out- 
gassing induced by the lighted filaments. The aluminizing process 
has a tendency to improve the vacuum by the “getter” action, and 
if the evaporation can be done rapidly enough, the pumping speed 
required can be materially reduced. Another advantage is that with 
such fast pumps the time involved in evacuation is less, and also 
considerable leaks may be tolerated. It is planned to use the same 
pumping system for evacuating the 200-inch tank when it is built. 
The performance of this pumping system is illustrated by the log 
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of the run in which the too-inch mirror was aluminized. This is 
given in Table II. 

It was found useful to line the 40-inch and 108-inch tanks with 
Apiezon wax ““W,” which has a vapor pressure so low that it is possi- 
ble to evaporate aluminum directly on it.” It stops all leaks and 
covers up such “dead alleys” as are common in steel, so that the 
tank has, in effect, the strength and convenience of steel and the 
vacuum behavior of a glass tank. It is believed that this technique 
of coating the inside with Apiezon wax may be of value elsewhere in 


TABLE II 
LOG OF THE VACUUM WHEN THE 100-INCH MIRROR WAS ALUMINIZED 
8:10 P.M.....Pumping started with two Hypervac pumps. 
7:55 A.M.....Vacuum 5X 1073 mm mercury 


High-tension discharge from kilowatt transformer for 15 minutes 
at 6X107-? mm of mercury air pressure 
8:10 A.M..... Diffusion pumps turned on 
9:33 A.M.....Vacuum 2X1075 mm of mercury 
Mirror aluminized 
40 coils fired 15 seconds each 
10:45 A.M.....After aluminizing 
Vacuum 5X10~5 mm of mercury 
Mean free path about 150 inches 
Diffusion pumps turned off 
:00 P.M..... Vacuum 3 X10~3 mm of mercury 
Air introduced and mirror removed from tank 


to 


obtaining high vacua in large steel tanks. When first evacuated with 
a single Hypervac pump, a pressure of 5 X 10 4mm of mercury was at- 
tained in the tank, indicating that there were no significant leaks. 
After this it was coated with two coats of Glyptal on the outside, one 
red and one machine blue, to insure complete coverage. 


REFLECTIVITIES AND PROPERTIES OF EVAPORATED FILMS 
Reflectivity measurements have been made on several films 
with monochromatic light obtained with a Miiller-Hilger double- 
quartz monochromator. A Nernst filament as well as the sun served 
as light-source, and quartz sodium and potassium photo-cells as re- 
ceivers. The photocurrent was measured with an electrometer by a 


26 At 180° C the vapor pressure of this compound is 1073 mm of mercury. 
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null-deflection method, as well as with an amplifier and galvanom- 
eter. In every case the square of the reflectivity was measured, thus 
giving a higher precision in the result. The probable error of the 
measurements is smaller than 1 per cent for R greater than 85 per 
cent, and is about 2 per cent elsewhere. 

The results of the measurements on various films are shown in 
Figures 3, 4, and 5. They include measurements on silver films 
which have tarnished for two 
and three weeks and also films 
which have been burnished. 

W. W. Coblentz and R. Stair?’ 
have recently measured the re- 
flectivity of fresh silver, and have 
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gga that differences were observed for 
light-source, sodium-quartz photocell and : 
gold, copper, and silver between 


electrometer. 

evaporated and polished massive 
metal. This is shown, in the case of silver, where burnishing with a 
rouge pad increases the reflectivity from that characteristic for the 
evaporated metal (curve 2, Fig. 3) to that characteristic for bur- 
nished ‘‘chemical” silver (points on curve 1). Freshly silvered mir- 
rors (by the chemical method) are frequently ‘“‘toughened”’ by rub- 
bing them with cotton before they are burnished with a rouge pad. 
Otherwise they exhibit a faint reddish color, indicating that they are 
charged with rouge. It is probable that both chemical and evaporat- 
ed silver require burnishing to form the metal into a compact film 


27 Bur. of Standards J. of Res., 2, 343, 1929. 


2 Ann d. Phys., 1, 352, 1900; 8, 1, 1902. 


THE EVAPORATION PROCESS 415 


Figures 2 and 
a 


which exhibits the higher reflection coefficient. 


show also the reflectivities of Cr, Pt, Pd, Rh, and Sn. 


The reflectivity of a 12-inch tele- 
scope mirror coated in October, 
1932, and used continuously since 
that time, was recently tested by 
the substitution method by com- 
paring it with a freshly aluminized 
mirror of equal radius of curva- 
ture. An incandescent lamp fil- 
tered with A, B, and C Wratten 
filters, respectively, was used as 
the light-source for these tests. It 
showed no decrease of reflectivity 
in the red and green and a decrease 
of 1 per cent in the blue. 

The superior reflectivity of alu- 
minum over silver for short wave- 
lengths not only gives a more even 
exposure of the stellar spectra in 
the violet but extends the range 
of the observable spectrum some 
250 A, making observations possi- 
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cell and electrometer. 


ble to the limit of the transmission of the atmosphere. For the dem- 
onstration of the excellence of 
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Fic. 5.—Reflectivity measurements 
made with the Miiller-Hilger double spec- 
trometer-monochromator, potassium pho- 
tocell with amplifier and galvanometer. 
Sunlight used as light-source. 


aluminum mirrors for photo- 
graphing stellar spectra in the 
ultra-violet we are indebted to 
the pioneer work of Williams 
and Sabine, and later of Wil- 
liams and Boothroyd, as well as 


to the work of W. H. Wright. 


Figure 5 shows that aluminum 


is inferior to silver in reflectivity 


in the red and near infra-red. For spectroscopic studies in this spec- 
tral range where the light is weak this is serious. It is suggested that 
for this work the aluminized mirror may be temporarily coated with 
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silver by the chemical process. Afterward it may be removed with 
concentrated nitric acid, leaving the aluminum unaffected. 

In this connection the photographs of the sky spectrum shown in 
Plate XVII are of interest. The spectral distribution here corresponds 
to that of a hot star. These photographs were taken with a Hilger 
{-30 quartz spectrograph on Eastman 4o plates. As the slits were 
0.0055 inch in width and the dispersion at H and K was only 11 A 
mm, the absorption lines are not very distinct. Nevertheless, the 
features of these spectra as they are influenced by reflection from 
silver and aluminum are evident. The exposure times within each 
of the four series were increased by factors of 2, the shortest being 
4 seconds. The top series was exposed to the zenith at 2:00 P.M. 
on July 30, 1935, with three reflections from aluminum at an inci- 
dence of 45°. The second series was taken at 2:30 P.M. with three sil- 
ver reflections. The two series at the bottom were taken at 4:00 and 
4:30 P.M. with one aluminum and one silver reflection, respectively. 
After account is taken of a gradual decrease in the strength of the 
light-source during the afternoon, it is seen that the blackening be- 
yond 5000 A is sensibly the same in all four series. The gain of 
aluminum over silver in the violet and ultra-violet is greater in the 
case of three mirrors, the extension of the spectrum by aluminum 
over silver being about 250 A. 

This increase in the length of the spectrum is also shown by the 
photographs (Pl. XVII) of a planetary nebula taken by W. H. 
Wright with the Crossley reflector before and after aluminizing. Dr. 
Wright”? states that photographs of the north polar sequence taken 
by Dr. Mayall before and after the mirror was aluminized show a 
limiting magnitude of 19.3 with silver and of 19.8 with aluminum. 
Tests made after one year of service did not indicate any change in 
this limit. 

If we choose one of the various reflectivity-curves for silver 
shown in Figure 3, in such a way that aluminum gives a gain of o5 
(photographic) for an Ao star, we compute that the gain for a Casse- 
grain arrangement with three reflections is about 1 mag. This cal- 
culation is made for an Eastman 40 plate and for the normal trans- 
mission of the atmosphere. It will be of interest to see how this cal- 


29 Pub. of Astr. Soc. of Pac., 46, 32, 1934. 
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SKY SPECTRA 
Upper series taken with three reflections from aluminum mirrors at 45° inci 
dence. Each successive spectrum has double the exposure of the preceding one. 
Second series, three reflections from silver. Third and fourth series, one reflection 


at the same angle of incidence, 45°, from aluminum and silver, respectively. 
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Taken with the Crossley reflector of the Lick Observatory by W. H. Wright 
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culation will agree with the results obtained with the 60-inch and 
the roo-inch telescopes on Mount Wilson. 

Aluminized mirrors scatter less light than silvered mirrors, as the 
latter have to be burnished and this process leaves many small 
scratches upon the silver. We may appreciate this difference from 
the fact that with the fresh aluminum coat it was possible to photo- 
graph*° the companion of Sirius at the Cassegrain focus of the 60- 
inch telescope on an unbacked plate. 

The effects of coating speculum gratings by evaporation is to in- 
crease their reflection about 50 per cent. Other effects have been 
made the subject of a separate paper published in the February 15 
issue of the Physical Review. Successful results have been obtained 
by coating replica transmission gratings to change them to reflection 
gratings. 

OXIDE FILMS ON ALUMINUM 


The aluminum film is automatically protected from tarnishing by 
an oxide film (presumably corundum, A/,O,, or bauxite, Al,O,-2H,O) 
which starts to form as soon as the aluminum comes in contact with 
the air. This oxide becomes thicker with time for about sixty days, 
when it is very hard and tough, forming a surface not easily scratched 
when it is being dusted and cleaned. 

The formation of the aluminum oxide film on an exposed metallic 
aluminum surface has been studied by Vernon,** who weighed the 
sample to a precision of 1/100 mg and plotted the weight increment 
due to oxidation as a function of time. The period of time required 
for the oxide film to attain its natural thickness was seven to 
fourteen days. After this the thickness of the film remained nearly 
constant at 100 A. 

This oxide layer is, of course, too thin to give interference effects. 
It could be much thicker, however, and still not give interference, 
because of its transparency and the high reflectivity of the under- 
lying aluminum.” 

30 M. H. Humason, ibid., 47, 83, 1935. 

3! Trans. Faraday Soc., 23, 113, 1927. 


32 For a discussion of colors of transparent films on metallic surfaces see Robert W. 
Wood, Physical Optics, p. 206, 1934. 
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It has been observed for a long time that nitric acid does not dis- 
solve an aluminum film. Experiments have shown, however, that 
treatment with this acid will apparently increase the thickness of the 
oxide film by about 50 per cent. These conclusions were inferred 
from measurements of changes in transmission and reflectivity of 
transparent films, and are based on the assumption that the nitric 
acid forms aluminum oxide on the surface of the film. The measure- 


TABLE III 
EFFECT OF OXIDATION OF ALUMINUM ON REFLECTION AND TRANSMISSION 


| | 
| 
| 
| 


Mirror | Age | Remarks R 1 R+7 
A and B 5 min | go0A in thickness 62 | 18 80 
, eae ; fe) | Washed 45 sec with HNO; | 56 | 22 78 
Ae, | 45 | Washed 60 sec with HNO; | 53 25 78 
An i Gapnpee bs... Tree a 29 76 
A 18 | 46 31 77 
re | 46 eee 46 32 78 
ae ee enn 56 | Not washed | $3 20 70 
A.. | 71 | | 45 31 76 
B... Weer e |: ‘| 52 |} 26 mh 
a | 5 days |.. | 43 | 32 75 
aa Di hee pee : | 51 | 26 77 
A... i 2 | Sy (ae ee Seer” 75 
Baas: 12 mae gets | 500 (O|l)hCl 28 78 
Be. | £2 Washed 60 sec with HNO, | 50 | 28 78 
age 16 |. ee cere pail 35 76 
B.. | 16 | 49 28 77 
ee, on.) lave: 37 | ~=«36 73 
Reyer teat | 41 ees 32 ee | 44 | 30 74 
A.. .| 61 | 67 A in thickness i ge: 4). se 73 
B:. 61 | 73 A in thickness | 44 | 30 74 





The reflectivity was measured by comparison with an opaque aluminum film, with 
green light. The reflection of aluminum was taken as 89 per cent. The transmission 


measurements are uncorrected for glass backing. 


ments of transmission, 7, and reflection, R, given in Table III, are 
for two plates coated simultaneously with the same thickness of 
aluminum. One of these, Plate A, was treated with acid, and the 
other, B, was allowed to oxidize naturally. One sees from the table 
that the reflection and transmission coefficients, originally R =0.62 
and T =o0.18, are changed to R=o.56 and T =o0.22 by one nitric acid 
bath, and to R=o0.53 and JT =o.25 by the second bath. 

The film was originally go A thick. If we interpret the changes of 
T and R as due simply to a decrease in the thickness produced by 
oxidation of the superficial aluminum, then film A which stabilizes 
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at R=0.44, T =0.30, is about 67 A thick. Film B stabilizes at R= 
0.38, T =0.35, or at a thickness of approximately 73 A. Assuming 
the oxide layer to be hydrated alumina (A1,O,-277,0), it turns out 
that the thicker oxide film, A, is 62 A and the thinner one 46 A.33 
The method of modifying the oxide film by treatment with HNO, 
would seem to have practical application to telescope mirrors in 
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Fic. 6.—First evaporation apparatus constructed at the University of Michigan 


in 1920. 


making the film more resistant to abrasion. The column R+T in 
Table III, giving the efficiency of transparent aluminum films, is of 
interest in connection with their use on interferometer mirrors for 
dividing a beam of light. 
EQUIPMENT 

The apparatus constructed by the author at the University of 
Michigan in 1929-1930 is shown in Figure 6. This is, to my knowl- 

33 This thickness was computed, assuming the inverse-square law to hold for the 
intensity of the evaporated molecular beam. Also zero reflection was assumed for the 
aluminum beam. It must be remembered that although we have considerable evidence 
to support these assumptions, they must, nevertheless, be regarded strictly as assump- 
tions. We have, on the other hand, some evidence that the thickness of the aluminized 
film produced by evaporating a given mass of metal is less when the vacuum is inferior, 
and at the same time granular aluminum deposits appear on surfaces not exposed to the 
evaporation sources. Although in the present case the vacuum was above 10-4 mm, the 
numbers associated with these film thicknesses are to be considered as only approximate. 
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edge, the first apparatus constructed for the general application of 
the evaporation process to the coating of mirrors. The special large 
mercury diffusion pump for evacuating the glass bell jar in which the 
evaporation is carried out was constructed with a large built-in stop- 
cock and a liquid-air trap which permitted the recharging of the 
evaporation coils and the introduction of new mirrors without de- 
stroying the vacuum in the diffusion pumps. Four electrodes al- 
lowed several coils of tungsten to be fired. The base plate for the 
bell jar was of glass. After the assembly of the bell jar on the base 
plate with the pumping manifold and filament electrodes, the whole 
was attached to the pumping system by means of a wax joint. Ina 
few minutes, when the wax was cool, the bell jar was evacuated by 
the vacuum pump through the by-pass. After this, the by-pass was 
closed, liquid air was introduced into the trap, and the large valve 
was opened. In a few minutes the vacuum was good enough (i.e., 
10 4mm of mercury or better) for the coils of tungsten, containing the 
metal (or non-metal), to be fired. A minute or two were required for 
the evaporation of the silver, during which time the bell jar became a 
beautiful blue as the silver condensed on it, forming a film of in- 
creasing opacity. 

The next apparatus, developed by Cartwright and Strong, used 
the absorption of charcoal at liquid-air temperatures to obtain the 
necessary high vacuum. The evaporation was carried out in a glass 
bell jar sealed to a steel base by means of a mixture of beeswax and 
resin (2:1). This apparatus was later equipped with a mercury vapor 
pump. This is shown in Figure 7, together with the 14-inch cast- 
aluminum bell jar later constructed for use with it. 

In May, 1932, experiments were started preparatory to coating, by 
evaporation, the 1oo-inch Hooker mirror of the Mount Wilson Ob- 
servatory. The first plan considered was to use a small bell jar which 
would be placed directly on the mirror surface, thus using the mirror 
as a base plate to seal the vacuum system. This would make it possi- 
ble, with the help of a baffle, to coat an area of hexagonal shape. By 
repeating these hexagons side by side it would be possible to cover 
the entire surface of the mirror. Difficulty was met in finding a 
material to use for the rim of the bell jar which would give a vacuum- 
tight seal without injury either to the film already deposited or the 
mirror face. After considerable experimentation a lacquered hard- 
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rubber foot about § inch wide was found satisfactory. The rubber 
was mounted in a groove in the rim of the brass bell jar. It was 
coated with several thoroughly dried layers of colorless brushing 
lacquer to keep it from sticking to the metallic film already laid 
down. Preliminary tests were 
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Fic. 7.—Small evaporation apparatus used 
4 : i to coat mirrors to 12-inch diameter as well as 
before in two important re- 


for general experimental work. 

spects: it was made of ordi- 

nary boiler-plate steel throughout and was arranged to coat the 
mirrors face upward from coils directly above them. The operation 
of this tank has proved that the simple method of laying the mirrors 
on the base plate face upward is entirely successful. It has been used 
more than a hundred times and we have never had molten aluminum 
fall upon a mirror. 

The 108-inch tank for the too-inch Hooker mirror is shown in 
Plate XVI, together with the high-vacuum pumping system con- 
structed for use with it. The tank was made from a steel cylinder 
108 inches in diameter, 36 inches high, and ;°; inch thick. It was 
closed at the top with a bumped tank-head 3 inch thick. The cylin- 
der was fitted with two 8-inch ports, one for the electrical connec- 
tions and the other for the pumping system. At the bottom it was 
connected to a ring on which a 3-inch tongue was machined. This 
tongue was seated on a soft rubber gasket, 3 by { inch, retained in a 
groove machined in the base. The base was made from ;°,-inch plate 
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reinforced beneath by /-beams. A ring was welded to it around the 
periphery, for strength, and the groove was machined in this to fit 
the tongue referred to above. 

All the joints in this jar were electrically welded with three passes. 
The jar was X-rayed and stress-annealed before machining. After 
machining it was tested with 20 pounds per square inch of internal 
pressure for strength and leaks. The latter were detected with soapy 
water and repaired by peaning. 

Plate XVI shows the 108-inch tank, with pumping system connect- 
ed, installed in the dome near the 1oo-inch telescope. The charcoal 
trap, not used, is shown in the foreground. The four cables connected 
to the top of the tank lift both tank and pump from the base plate 
for introducing the mirrors and loading the coils. 

HISTORY OF THE APPLICATION OF ALUMINIZING TO 
ASTRONOMICAL MIRRORS 

It is not known to me when the application of the evaporation 
process to astronomical mirrors was first conceived, but, to my 
knowledge, the first astronomical mirror to be coated by the process 
was that of Professor Philip S. Fogg, Registrar of the California In- 
stitute of Technology. The author coated his 6-inch mirror, which 
he had ground and figured himself, with silver and a protecting 
layer of quartz by the evaporation process on January 14, 1931. 
Soon after this Cartwright coated several mirrors with silver and 
quartz for the Hale spectrohelioscope at the Brackett Observatory, 
Claremont, California. 

The first group of mirrors aluminized by the new technique were 
coated June 19, 1932, by the author. One of these mirrors, which was 
sent to Albert G. Ingalls of the Scientific American, was not tarnished 
two years later. 

The work at Cornell University on the application of the evapora- 
tion process to large astronomical mirrors was started in the summer 
of 1931, culminating in the coating, with chromium, of the 1o-inch 
concave mirror of the Physics Department, and of the 15-inch 
mirror of the Lowell Observatory, in July, 1932. 

During October, 1932, I coated with aluminum the 12-inch mirror 
of the Cassegrain telescope of the California Institute. This mirror 
is now the oldest aluminized telescope mirror, being three years old. 
The deterioration of its reflectivity has been less than 1 per cent. 
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R. C. Williams undertook the coating of astronomical mirrors 
with aluminum in the autumn of 1932, leading to the coating of the 
15-inch mirror of the Lowell Observatory in August, 1933. His work 
ultimately led him to the conclusion that by first making a chromium 
mirror whose surface is then brightened with aluminum a reflecting 
film is obtained that is superior to a plain aluminum mirror with re- 
spect to hardness and adhesion. He has suggested the name “chro- 
luminum” for this combination. 

Hiram W. Edwards has applied the evaporation technique to 
magnesium alloys of aluminum which are reported to be superior in 
reflectivity to pure aluminum. He uses the name “‘panchro” for this 
coating. 

In September, 1933, at the California Institute of Technology, the 
18-inch coelostat mirror of Dr. Hale’s solar telescope was aluminized 
by the author. In November, 1934, the mirrors of the 60-foot and 
150-foot tower telescopes, as well as several of the Cassegrain, 
Coudé, and Newtonian auxiliary mirrors of the 60-inch and roo-inch 
telescopes of the Mount Wilson Observatory, were aluminized. In 
December, 1933, an aluminum coat was applied by the author to the 
Crossley reflector of the Lick Observatory. In January, 1934, the 
24-inch reflector of the Yerkes Observatory was aluminized. 

The largest telescope mirrors that have been coated are the 60- 
inch (on February 27, 1935) and the 1oo-inch (on March 1, 1935) of 
the Mount Wilson Observatory. 


I wish to acknowledge the many helpful suggestions I have re- 
ceived from Dr. John A. Anderson, and the assistance of Professor 
E. Gaviola and of the staff of the Mount Wilson Observatory, during 
the coating of the 60-inch and 1oo-inch mirrors; and to thank Di- 
rector W. H. Wright of the Lick Observatory for supplying the 
photograph used in Plate XVII. I also wish to acknowledge the valu- 
able advice of Mr. G. W. Sherburne, Mr. Mark Serrurier, and Mr. 
S. Hart in the design and construction of the 108-inch tank. 
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PHOTOELECTRIC MAGNITUDES OF THE BRIGHTEST 
EXTRA-GALACTIC NEBULAE* 


ALBERT E. WHITFORD 


ABSTRACT 

The integrated magnitudes of eleven of the nearest and brightest extra-galactic 
nebulae have been measured by means of the photoelectric photometer attached to the 
10-inch Cooke photographic refractor. The advantage of the photoelectric cell in com- 
paring stars and nebulae is pointed out. The resulting magnitudes average brighter 
than either the photographic or the visual estimates previously used in computing ab- 
solute luminosities of nebulae. 

The nearest and brightest extra-galactic nebulae must form the 
“calibration” for the scale of nebular distances, for only in these 
systems is it possible to recognize Cepheid variables or other indi- 
vidual stars of known type. From this small sample collection an 
estimate of the mean absolute luminosity of nebulae in general can 
be made. Also, some idea of the dispersion about the mean luminos- 
ity and variation with type may be obtained. Once equipped with 
this information, one may infer the distance of a faint nebula from 
its apparent luminosity. Hubble’ initiated this scheme and has dis- 
cussed the problem in detail. 

The obvious difficulty has been the comparison of diffuse luminous 
areas with point sources such as stars. Visual estimates as made by 
Holetschek’ or estimates from inspection of photographs such as 
those by Shapley and Ames? are useful as preliminary guides. Hub- 
ble’ has outlined a photographic method of measurement employing 
extra-focal images which he has used with success. The photo- 
electric cell seems well adapted to a measurement of this sort because 
it integrates all the light that comes into it and gives an electric cur- 
rent proportional to the total brightness.‘ It was first used to meas- 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing 


ton, No. 543. 

1 Mt. Wilson Contr., No. 427; Ap. J., 74, 43, 1931. 

2 Ann. d. Wiener Sternwarte, 1907; corrections by Hopmann, A.N., 214, 425, 1921. 

3 Harvard Ann., 88, No. 2, 1932. 

4 This statement is not only theoretically true, at least to a first approximation, but 
can also be justified by experience. The galvanometer deflections due to the sky when 
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ure the light of nebulae at Mount Wilson by Dr. Joel Stebbins in 
1930, and has been so used by him, often with the assistance of the 
writer, at various times since.» The measurement of the nearest 
nebulae was undertaken by the writer at the suggestion of Messrs. 
Hubble, Baade, and Stebbins. It is just for these cases where the 
total brightness is of the most importance that extra-focal photo- 
graphic methods become difficult or break down because of the 
great angular extent of the nebulae, and the photoelectric cell, there- 
fore, appears to be the most feasible device to use. 

Observations have been made on eleven nebulae. These include 
ten of the fourteen nebulae north of — 30° declination and brighter 
than the tenth magnitude in Shapley and Ames’s compilation. To 
these was added NGC 5194 (M51), because individual stars have 
been resolved in this nebula and it was believed to be brighter than 
magnitude to.1 as listed. 

A short-focus telescope was required in order to include the neces- 
sary area in the field of view of the photocell. Consequently the 
photometer as used on the large reflectors was adapted to the 1o-inch 
Cooke photographic telescope. The arrangements did not differ in 
principle from those described for the Washburn Observatory.® The 
galvanometer deflections were recorded photographically on bromide 
paper by means of a motor-driven drum, which made it possible for 
the observations to be made entirely by one person. The largest 
focal-plane diaphragm that could be used was 10 mm in diameter, 
corresponding to a field of 30 minutes of arc. 

The precision of the magnitudes is not so great as is usually ob- 
tained with the photoelectric photometer. In the first place, owing 
to the limited time, it was not feasible to measure each nebula for a 
series of increasing diameters. Instead, usually a diaphragm was 
selected large enough to include the diameter published by Shapley 


no stars can be seen in the field is closely proportional to the measured area of the dia- 





phragm in the focal plane. The proportionality of current to light intensity has been 
tested on well-calibrated sequences of stellar magnitudes, and also with a rotating sector, 
and found to be satisfactory over the entire usable range. 

5 An account of this investigation is to be published in the Astrophysical Journal. 
The writer is indebted to Dr. Stebbins for permission to publish the present paper in 
advance of his own work in the same field. 

TAP. F .5%G6y 203, 1932. 
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and Ames. This meant that the correction for light from the sky 
background was as large as 70 or 80 per cent of the total deflection 
for some of the larger nebulae. The relative brightness of the sky 
and the fact that many of the magnitudes are near the usable limit of 
the amplifier with a 1o-inch telescope explain why discrepancies 
larger than usual may be expected. Another factor was the difficulty 
of dodging foreground stars. With the large reflectors it is easier to 
do this, owing to the well-known thinning-out of stars at the fainter 
magnitudes. For example, suppose stars are to be excluded down to 
the twelfth magnitude with the 10-inch and to the seventeenth mag- 
nitude with the 1oo-inch telescope. Seares and van Rhijn’ find at 
the galactic pole 9.9 stars per square degree brighter than the twelfth 
photographic magnitude, and 288 stars per square degree brighter 
than the seventeenth photographic magnitude. If the slight differ- 
ence in focal ratio between the two telescopes be neglected, there 
will be, on the average, 990/288 = 3.4 times as many stars visible in 
a given area in the focal plane of the ro-inch as in the same area in the 
focal plane of the 1oo-inch telescope. When a star had to be included 
in the field of a nebula, a note was made of the fact and an attempt to 
correct for it was made. A comparison field free from stars was often 
difficult to find. Internal evidence indicates that varying success in 
choosing proper comparison areas on different nights accounts for a 
large part of the discordances. 

Messier 31, the great nebula in Andromeda, is a special case be- 
cause of its great angular area on the sky. The central region in- 
cluded in a circle half a degree in diameter could be measured with 
the 10-inch telescope, and this was done. In order to get the light 
from the whole nebula into the photocell, it was necessary to use a 
lens of shorter focus. A Tessar lens of 35 inches aperture and 16 
inches focus, with suitable adapters for holding the amplifier, was 
bolted to the ro-inch mounting. Diaphragms up to 20 mm in diam- 
eter could be used in this arrangement, corresponding to a field of 
170 minutes of arc. With several square degrees in the field, at a 
fairly low galactic latitude, it was apparent that corrections for the 
field stars unavoidably included would have to be made. Two com- 
parison areas free from very bright stars were selected near the 


7 Mt. Wilson Contr., No. 301; Ap. J., 62, 320, 1925. 
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nebula. Then the total light of all the Bonner Durchmusterung stars 
in the field of the nebula and in the two comparison areas was com- 
puted. As far as possible, the Draper Catalogue was used for the 
magnitudes, reductions to photoelectric magnitude being applied 
according to the spectral class. For stars too faint to be included in 
the Draper Catalogue, which is complete only to the eighth visual 
magnitude, the BD magnitudes were used, with Pickering’s correc- 
tions.* An average color index corresponding to a Go star was as- 
sumed. The average color index for 60 stars in the Draper Catalogue 
fainter than visual magnitude 8.0, all in the region of the nebula, cor- 
responded to an Fog star. Since these stars are individually unim- 
portant in determining the total light, an approximation of this na- 
ture is satisfactory. The telescope was set on the comparison areas 
by means of the circles, with the nebula as a reference point. It is 
evident from the results that it would have been better to use a par- 
ticular star as the center of each area. 

The diaphragm finally used in computing the magnitude of M 31 
was I5 mm in diameter, corresponding to 128 minutes of arc. A 
diameter larger than this necessarily included several comparatively 
bright stars, among them one brighter than the whole nebula, which 
would have made the corrections rather large and uncertain. Within 
the field of view, 128 minutes in diameter, on one particular night the 
light of the nebula was 109 per cent of the total light; the light of the 
stars listed in the Bonner Durchmusterung was 9 per cent; and the 
light of the sky, including fainter stars, accounted for the remainder. 
The correction for difference in calculated starlight between the 
area around the nebula and the comparison area was at most 11 per 
cent of the light of the nebula. 

The measurements indicate that a circular area 30 minutes in 
diameter, including the very bright nuclear region, gives out only 40 
per cent as much light as those parts of the nebula included in a circle 
128 minutes in diameter. Because this result is a little surprising, a 
rough computation of the total light from the relatively faint outer 
regions was made. The nebula was divided into elliptical zones 
whose semimajor axes differed by 15 minutes. The ratio of the 
major to the minor axis was taken as 4:1. The area of each zone was 


8 Harvard Ann., 72, 191, 1913. 
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computed, portions within the central 30-minute circle being ex- 
cluded. The average brightness of each zone was evaluated in two 
ways. The first method involved the use of a photograph of the 
nebula with the 1o-inch telescope, made by the writer for another 
purpose, but provided with calibration for sensitometry. The zero 
point depended on an estimated sky brightness for the night in ques- 
tion of 22.0 mag. per square second. The second method depended 
on photoelectric measures along a circle of constant declination 
through the nucleus, made by Dr. Stebbins and the writer with the 
100-inch telescope in the summer of 1934. Either method gives a re- 
sult for the total light of the outer regions of the right order of mag- 
nitude. The explanation of this relatively large total lies, of course, 
in the much greater area of the outlying zones. 

The nebulae were compared with seventeen stars, all between the 
second and the fifth magnitudes. Because these stars are bright, 
they are easy to find and measure accurately, with no sky correction. 
The scale of magnitudes can then be carried to fainter objects by 
varying the shunt on the galvanometer or by using a higher re- 
sistance in series with the photocell. It is of course desirable that the 
photoelectric magnitudes be converted to the photographic system. 
The potassium hydride cells used in this work have a maximum re- 
sponse at 4500 A’ and differ only slightly in their color response from 
the photographic plate. 

In order to connect the magnitudes with the international system, 
certain key stars were later recompared among themselves; and two 
of them, 8 Cassiopeiae and 8 Ursae Majoris, were compared with six 
stars of the North Polar Sequence. This was done in Madison, Wis- 
consin. Of course this involved a different telescope and photo- 
electric cell, but the color differences were found to be negligible. 
The adopted photoelectric magnitudes of the polar stars and of six of 
the comparison stars for nebulae are given in Table I. The relation 
between the 7 Pg system and Pe magnitudes is 

I Pg=Pet+o.18C. , 


where C, is the color index found by Seares by the method of ex- 
posure ratios.’° This equation was derived from an intercomparison 


9 Pub. Washburn Obs., 15, Part 5, 1934. tO TONS A ALU . Bs, 715 1922: 
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of eight polar stars made with the 60-inch telescope, which will be 
published in another paper. For the four stars common to the two 
lists, the 60-inch results were taken as standards because of the high- 
er precision of the measures and the better atmospheric conditions at 
Mount Wilson. Any other selection of polar stars would not change 
TABLE I 
COMPARISON STARS 
| 


; } Ps = | Calculated 
Star HR | Spectrum Pe Mag. | x 
| | 


Pg Mag. | Sl ne 
B Cass | 21 F'5 rE NM FRED Poet taste? 
WAGES. 5.46 cedex acs 553 A5 Ay |) | PR See Ar ae 
OcPPIOUIS yc ies nokiathess 6r7 | K2 Oe Pon. ae a ee 
Bre Rat... nc. | 4295 Ao BEER Poa clns eestor e een 
a Urs Maj...... weseeah ieee Ko BiCle bos i rsa esd pee eamaae 
PAM ieee .0) vee eva alecetn coi | 8430 Fs 4.13 ciiesae a rac Wapaeaer one ; 
NPS 3.. Serer eee | 8938 | Fo 5.66 5.69 5.78 
Moseley Hee eee 6811 A3 5.86 5.90 5.91 
) SERRE EAT ACRE One | 2009 Ma 0.39 | 6.67 6.69 
ac rer ero eee st ae 286 A2 6.45 6.45 | 6.46 
ee erry ere et ree Ao 7 ae 7.16 7.12 
75 Sa ae ET a ee 7394 Mb 7-67 | 7.95 | 7-93 


the zero point of the magnitude scale by more than 0.01 or 0.02 mag. 
Since the accuracy of the nebular comparisons is not much better 
than o.1 mag., this uncertainty is negligible. 

Measures of some sixty nebulae with the photoelectric cell gave 
an average color corresponding to a G4 star. The revised" value of 
the international color index for a giant star of this type is very near- 
ly +0.7 mag., so that for the average nebula the foregoing equation 


becomes 
I Pg=Pe+o.13. 


RESULTS 
The results are summarized in Table II. The diameter and classi- 
fication and also the Harvard photographic magnitudes are taken 
from Shapley and Ames’s publication. The observed photoelectric 
magnitudes are based on the magnitudes of the six comparison stars 
listed in Table I, which have been standardized against the North 
Polar Sequence. The errors given in the seventh column are the 


™ Seares, private communication. 
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TABLE II 
MAGNITUDES OF NEBULAE 


| 











’ l | | 
| No.}| .. | | Hop 
itor ‘ 4 F | Jia- Obs. f » arvard| 
NG( Messier} Type | Diameter| of | oe | = : Aaapte | Hava I mann 
|phragm| Pe Mag. | Pg Mag.| Pg Mag.| 
| Obs. | | | | | Pg Mag. 
rs ie F is ; a / | : : / I 7 | 
221 M32 E l2 nT 2| 7/slo.24+ | 0.4 | (o05 9.9 
| | | | 
{2 | 2 i. c+ 2) | 
: | 12 | 24 (9-45 03 | | 
224... M31 | Sb |160X40 | 13 | 30 |5.35+.04/) 4.5 5+ 6.1 
| 4 | 128 31+ .09}) | 
. 2 18.18+ .18 
253 | Sc | 22X¢ oe 8 7 
es «404 of "4 dC 2X6 | 2 | 24 7 944 08 | I 7:O° 
| 
| (2 | 24 |6.95+.13)| 
A M33 Se 60X40 | 42] 30 [6.76 t.16+} 6.9 7.8 8.1 
| | 
| (rt | 54 [6.91 } 
ey 
| . | | § 4. ~ ' 
TSE E age | M81 Sb 16X10 | 3 | = - ye ©} 8.0 8.9 9.4 
| \3 | 44 Ghaielins | 
| | } 
; ” a 7.59.14 .18\| 
3034......| M82 Irr | 7X15) 2 | Pe i 82+ o2/| 97 9-4 | 10.1 
| } | | | | 
Tl) rs | Stange Oe Sa 7AI.S] 2] 7.Sig. 41 | g.2 8.1 | 10.3 
: | | | 
4736 | Mo4 | Sb 5X3.5| 2 7518822 .08 | (9:0. | O20 9.5 
| 
4826......| M64 Sb 8X4 2 I2 |9.30+.06 | Ovay |) “Sie. |) eis. 3 
| | i: ie 
i hen | Ms1 Sc 12X6 1 sh Beet ize | 9.0 | 9.7 Sik 
5195 | } 
b . | | | 
| 
GAG? .. 200] DALOL SC 23:23 | 4 24 8 68+.12 | 8.8 | 9.0 
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NOTES TO TABLE II 

NGC 221  Half-weight assigned to observations on one night because only one de- 
flection for sky area was obtained. 

NGC 224 Result for 128’ diaphragm from observations on two nights with 33-inch 
lens, two comparison areas each night. Corrected for field stars as ex- 
plained in text. Pg mag.=4.44; adopted 4.5. 

NGC 253 Smaller diaphragm excludes field stars. Larger diaphragm includes two 
stars. Brighter star measured photoelectrically, found Pe mag.= 10.3; 
fainter one imbedded in nebulosity, but estimated from photograph to be 
at least 0.5 mag. fainter. Assumed 0.6 mag. fainter. Obs. Pe mag. already 





corrected. 

NGC 598 Result for 54’ diaphragm from observations with 33-inch lens, corrected 
for field stars as explained in text. 

NGC 3031 Stars excluded by smaller diaphragm. Obs. Pe mag. for larger diaphragm 
includes light from two stars; correction estimated from BD for adopted 
Pg mag. 
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NGC 3034 Obs. Pe mag. for both diaphragms includes light of star, correction esti- 
mated for adopted Pg mag. 

NGC 5194 | Both nuclei included in field. Observation on one night given half-weight 

NGC 5195 } because of very large extinction correction. If, as Shapley estimates, the 
two nebulae differ by 1 mag., then NGC 5194=9.4 mag. and NGC 5195= 
10.4 mag. Magnitudes given in table are for combined light in each case. 

NGC 5457 Observations on two nights given half-weight because of very large ex- 


tinction corrections. 
average deviations from the means. The adopted photographic mag- 
nitude was in each case obtained by applying a color correction of 
+0.13 mag. to the weighted mean of the photoelectric magnitudes 


for the whole diameter of the nebula, corrected for field stars when 
necessary. The figures in the last column were derived from Hop- 


TABLE III 
ABSOLUTE PHOTOGRAPHIC MAGNITUDES OF NEBULAE 


Modulus 


Nebula eine? m M 
ee ee ene 22.0 4.5 —17.5 
M32 22.0 9.4 12.6 
M33 21.9 6.9 I5.0 
re 24.3 8.0 16.3 
RUBEQIR cc. hon retro 23.0 8.8 —14.2 


mann’s visual magnitudes by applying a color correction of +1.1 
mag., as used by Hubble, to convert them to the photographic sys- 
tem. 

The systematic difference between the Harvard magnitudes and 
the magnitudes here presented is less than 0.1 mag., with an average 
deviation from the mean of +0.65 mag. However, with three ex- 
ceptions, including NGC 4594 in which no individual stars have been 
resolved, the present magnitudes run slightly brighter than the Har- 
vard estimates. Hopmann’s results, based on Holetschek’s visual 
estimates, show a systematic difference of 0.85 mag. relative to the 
present results, with the present results brighter. ‘The average devia- 
tion from the mean is +0.45 mag. 

The data presented in this paper are not sufficient to warrant a 
new discussion of the mean absolute magnitude of a nebula. Such a 
discussion must await revised magnitudes of all the nebulae in which 
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individual stars have been resolved. It is of interest, however, to 
compute the absolute magnitudes of the five nebulae whose moduli 
are known! from the variables resolved in them. These results are 
shown in Table III. Because there is reason to believe that these 
nebulae may not be a fair sample, it would be unsafe to infer too 
much from these figures. Nevertheless, it may be remarked that the 
results of this work seem to point to a value for the mean absolute 
photographic magnitude of a nebula somewhat brighter than the 
mean adopted by Hubtle' in his original paper on the basis of the 
nebular magnitudes available to him at that time. 
CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY, 
UNIVERSITY OF WISCONSIN 
WASHBURN OBSERVATORY 
January 1936 
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THE PROVISIONAL ELEMENTS OF 
16 SPECTROSCOPIC BINARIES* 


WILLIAM H. CHRISTIE 


ABSTRACT 

Provisional elements, derived graphically from various published lists of radial 
velocities, are given for 16 late-type spectroscopic binaries. 

The provisional orbits for the accompanying list of spectroscopic 
binaries have been derived from various published radial velocities 
of these stars, supplemented, in some cases, by Mount Wilson 
observations. 

After the periods had been obtained in the usual manner, the ele- 
ments in Table I were derived by comparing the plotted observations 
with a series of standard velocity-curves. The first eleven columns 
need no explanation; columns 12, 13, 14, and 15 contain the numbers 
of observations made at the Cape, Lick, Mount Wilson, and Vic- 
toria observatories, respectively; column 16 gives references to the 
sources of the material; and column 17, the number of the accom- 
panying figure which shows the velocity-curve and the observations. 

In order to save space in printing, the original observations are 
not repeated here; the numeral placed near the plotted observation 
refers, however, to the number of the observation in the original 
list; thus, a 7 near a filled circle indicates that the observation is the 
seventh in the Lick Observatory list for this star. Similarly, 3-8 
beside a vertically half-filled circle denotes that the point is a normal 
for observations 3-8 in the Victoria list. 

NOTES 

Boss 500.—Two observations on this curve are discordant, Nos. 
23 and 25. A great deal of effort has been made to find a shorter 
period which will satisfy the observations, but without success. It 
seems likely that the elements are not seriously in error, despite the 
two large residuals. Four kilometers per second have been added 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 544. 
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ELEMENTS OF 16 SPECTROSCOPIC BINARIES 43: 
to the Victoria observations in order to make them fit the curve. 
This correction seems to be necessary in several cases, probably be- 
cause of a systematic difference between spectrocomparator and 
micrometer measures. The star is under observation here. 

t Persei.'—It seems strange that these elements have not pre- 
viously been published, since the 21 Lick observations define the 
orbit very well. 

16 Aurigae.—This orbit has been under investigation here since 
1933, and the elements appear to be quite satisfactory. The period 
is well defined by the early Lick observations. 

n Geminorum.—The first Cape observation has been omitted; the 
residuals are otherwise quite satisfactory. 

a Puppis.—Despite the lack of observations following periastron, 
the elements are probably reliable. 

h? Puppis.—¥urther observations of this star should be made, as 
the derived elements are not too well defined. 

gy Hydrae.—These elements appear to be satisfactory, but more 
observations are needed. 

Boss 3195.—Eight observations are, as a rule, hardly sufficient to 
assure a good orbit. The distribution of these observations is such, 
however, that the publication of the orbit seems justified. 

6 Muscae.—The run of the Lick and Cape observations from 1919 
to 1922 appears to define the period. Observations are needed at 
apastron in order to improve the elements. The provisional ele- 
ments are probably not far wrong, however. 

v? Centauri.—Although the observations are rather few, the orbit 
appears to be well defined. 

HR 5752.—An orbit for this star was published by the writer in 
1926. The period then used turns out to be erroneous. This error 
was suspected by Hertzsprung, who notified the writer. Spectro- 
grams have recently been taken here on several nights at widely 
differing hour angles, with the result that the short period has been 
abandoned in favor of the longer. These new elements are ap- 
parently quite satisfactory. 

‘Since this paper was written, the orbit of this star has been published by Cola- 
cevich, Pub. A.S.P., 48, 32, 1936. 

2 Pub. Dom. Ap. Obs., 3, 310, 1926. 
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Boss 4129.—Provisional elements for this star have already been 
published by the writer. These new elements differ slightly from 
the former and are probably more accurate. 

Boss 4351.—The investigation of this orbit has been under way 
here since 1929. There is an apparent departure from a normal 
velocity-curve at apastron. Other widely different velocity-curves 
also represent the observational data, but the one here published 
seems the most probable. Observations will be continued. The indi- 
vidual velocities are too numerous to publish here. 

5 Sagittae.—The period of this star appears to be fairly well de- 
fined by the observations. It is necessary, however, to add 4 km/sec 
to the Victoria observations in order to make them agree with the 
Lick. This orbit is under further investigation here. 

o? Cygni.—The period is apparently well defined by the Lick ob- 
servations, and there is some evidence of a change in y, amounting 
to about +0.66 km/sec per 1000 days, for which the observations 
have been corrected. The star is under observation here. The Ce- 
pheid-type spectrum of the star throws some doubt, however, on 
these elements. 

v Octantis.—Although further observations are desirable, the ele- 
ments given here appear to be reliable. 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
August 1935 


3 Pub. A.S.P., 46, 238, 1934. 








A QUANTITATIVE INVESTIGATION OF SPECTRAL 
LINE INTENSITIES IN O- AND B-TYPE STARS* 


PAUL RUDNICK 


ABSTRACT 


Measured total absorptions are given for the stronger spectral lines in seventy stars 
of Harvard types O and B. The intensities were measured on one-prism spectrograms 
with a photoelectric microphotometer, using a square diaphragm large enough to in- 
clude the entire line; in this manner some lines could be measured that were too faint 
and broad to be seen. 

Behavior of H lines ——The behavior of hydrogen intensities with spectral type is 
shown, first for all of the stars measured, and then for Struve’s giant and dwarf groups. 
The marked enhancement of hydrogen in the dwarfs is confirmed. It is shown that 
there is no systematic difference in the hydrogen intensities between diffuse-line and 
sharp-line stars. 

Behavior of Het lines.—The lines of the triplet system of He 1 are shown to fade out 
more slowly than the singlet lines on the high-temperature side of maximum; no ap- 
preciable difference is found between the systems on the low-temperature side of maxi- 
mum. Intensities of all Her lines, when plotted against spectral type, show a much 
more definite maximum in dwarfs than in giants. The suspected shift of maximum from 
B2 in dwarfs to Br in giants is confirmed. Differences are shown to exist between 
giants and dwarfs in the behavior of the singlet-to-triplet ratio. The enhancement of 
Het lines in dwarfs in types earlier than B3 is confirmed. At type B2, the strongest 
lines measured in both singlet and triplet systems are about 50 per cent strengthened 
in dwarfs as compared with giants. At B2, the triplet \ 4472 is about 50 per cent strong- 
er than the singlet \ 4388. It is shown that the differences between singlets and triplets 
in giants and dwarfs cannot be due entirely to gradient effect. 

The position of maximum intensity of the helium lines is found to be B2 for stars 
with sharp lines; for wide-line stars it is shifted to B4. 

Behavior of lines of other elements——The behavior with spectral type is given for 
lines of the following elements: Siu, Simm, Sitv, Heu, Nu, Nim, Cu, and Mgt. 
The strengthening of \ 4481 of Mg 11 in giants of type Bs and later is found to be about 
40 per cent. Siu, Sim, Sitv, Nu, and N m1 are all found to have about twice the 
maximum intensity in giants that they attain in dwarfs. Almost all of these elements are 
found to show no appreciable difference in behavior between wide-line and sharp-line 
stars. 

I. INTRODUCTION AND OBSERVATIONAL MATERIAL 

In order to discuss on a uniform basis the intensities of spectral 
lines of important elements, with various amounts of broadening or 
with appreciable separation in the spectrum, it seemed worth while 

* [This article was received by the editors a few days later than the papers by E. G. 
Williams printed in the May issue of this Journal. Although there is a certain amount 
of duplication in these two independent investigations, the results are believed to be of 
sufficient importance to justify the publication of both. No attempt has been made to 
co-ordinate the-results, but the agreement in all the major conclusions is very satisfac- 
tory.—THE Ep1rTors.] 
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to secure a consistent set of measured total absorptions of all lines 
strong enough to be well measurable, for a large number of early-type 
stars. Some work of this nature has already been done by E. G. 
Williams,‘ who made photometric determinations of line intensities 
in groups of giant and dwarf O- and B-type stars. Struve” 3 has 
made studies of larger groups of the same types, based mainly on 
eye estimates of the relative strengths of lines, with special reference 
to the behavior of Het and O1r. Miss Payne? has investigated the 
behavior, with changing spectral type and with luminosity, of the 
spectra of numerous atoms; she has worked both with measured 
line profiles and with estimated data. Elvey has studied profiles of 
lines of H,> He 1,° Si 11,’ and Mg 11° in the early-type stars. 

In the present work, photometric measures of line intensities were 
made, by the method described below, for the stronger lines of 
seventy stars of Harvard spectral types Oe to Bg. On the basis of 
the data obtained from these measures, discussions are given of (1) 
anomalies in the behavior of neutral helium and (2) certain differ- 
ences in behavior between spectra having sharp and diffuse lines. 

The observational material includes eighty-two spectrograms of 
seventy stars. All but two of the plates were taken with the one- 
prism dispersion of the Bruce spectrograph (26 A/mm at Hy); the 
other two were taken with three prisms (8 A/mm at Hy). Table I 
gives for each star the following data, obtained almost entirely from 
Schlesinger’s Catalogue of Bright Stars: BS number; name of star; 
equatorial co-ordinates for 1900.0; apparent magnitude; Harvard 
spectral type; Victoria spectral type;? classification (to be discussed 
hereinafter) as giant or dwarf and as to line-width class; number of 
spectra measured. 

t Pub. A.S.P., 46, 292, 1934. 

2 Ad: J. 74; 225, 1031- 3 Ibid., 78, 73, 1933. 

4 The Stars of High Luminosity, especially chap. xv, 1930; M.N., 92, 368, 1932. See 
also Harvard Circ., Nos. 252 and 256, 1924; Nature, 113, 783, 1924; Harvard Circ., No 
305, 1931. 

SAp. J., 71, 191, 1930. 7 Tbid., 78, 219, 1933. 

6 Tbid., 70, 141, 1929. 8 Tbid., 71, 221, 1930. 

9 Taken from Pub. Dom. Ap. Obs., 5, No. 2, 1931, with the exception of 67 Oph, 
which is there given as B8s; in ibid., No. 1, however, this star is called B3s. I have 
therefore regarded its Victoria type as Bs. 
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TABLE I 


OBSERVATIONAL DATA 











r a 
} | 1900 SPECTRUM | Lt | 
uinos-| NF No. OF 
BS No. | STAR a MaG Se fee Wn. 
ITY | Gras PLATES 
} a 6 Harv Vict CLASS 
1228 é Per | 352™s! +35°30 4.05 | Oes | O7nk} d | II I 
1870 | d Ori 5 29.6] + 9 52 2.66 | Oes | O8sk g ye | I 
1895 @ Ori 5 30:4) — § 27 5.36 | Oes | O7k d I | I 
1896 Bond 640 | 5 30.4] — 5 27| 6.85 | Oe5 | Bo | d It | I 
1800 t Ori | “5° 36.5) — 5-50 2.87 | Oes | O8sk a@ } dH 2 
2456 | SMon | 6 35.5} +959] 4.68 | Oe5 | O7sk| g I 2 
2781 29 CMa | 7 14.5] —24 23| 4.90 | Oe Oosfk| g I 2 
2782 tCMa]} 7 14.6] —24 46} 4.40 | Oe5 | Ogsk d 1 | I 
8428 19 Cep | 22 2.1] +61 48 5.17 | Oes5 | Ook g I 2 
8622 10 Lac 22 34.8] +38 3 4.91 | Oes | Ogsk dq | I I 
130 x Cas © 27.3) +62 23 4.24 | Bo Bok g I I 
1542 a Cam 4 44.1] +066 10 4.38 | Bo Ogsek| g II | I 
1852 6 Ori 5 26.9] — 0 22 48 | Bo Bok d i 
1876 ¢' Ori 5 29.3] + 9 25 4.53 | Bo Bossk} d | I | 3 
1903 e Ori ae ee 1 16 1.75 | Bo Bok g | I 
1948 ¢ Ori Ca ea O| 2.05 30 Bonk} d II I 
2004 « Ori 5 43.0] — 9 42 2.20 | Bo Bok et I I 
4133 | pleo .| 10 27 5| + 9 49 3.85 | Bop | Bosk g | Il I 
0105 t SCO 10 290 " 28 I gli Bo Bis d I | I 
1203 ¢ Per 3 47.8] +31 35 2.91 | Bi Bis g Il | I 
1220 e Per 3 5! r| +39 43 2.96 | Br B2 | @ {| Il | I 
2204 B8CMa| 6 18.3] —17 54 1.99 | Bi Biss g I | 2 
2018 e CMa 6 54.7] —28 50 1.63 | Bi Bis g IT | I 
5984 BSco | 15 59.6] —19 32] 2.90] Bi B2k a?tfH yt 1 
39 vy Peg | o 8.1| +1438] 2.87 | B2 Bass | d | I | 2 
770 | §6Cet | 2 34.4 —0o 6| 4.04 |] B2 Bas: | @ ft Fh’ g 
1790 y Ori | 5 19.8] + 616 1.70 | B2 Bas | d | Il | I 
2135 | x? Ori 5 58.0} +20 4.71 | Bap | Bassk| g I I 
8279 9g Cep 21 35.2] +61 38 4.87 | Bap | Bask e | o | I 
} | 
153 | ¢ Cas © 31.4| +53 21 3.72 | B3 Boskk| d | I | 1 
154 7 And © 31.5] +33 10| 4.44 | B3 B3 ei SY 34 
542 | «Cas 1 47.2] +63 11| 3.44 | B3 Bss d i 
1230 Paw |} 3°S5- 5) Is 1213:3-4.9 B3 Bz d II | I 
1641 nAur | 4 .59.5| +41 6| 3.28] B3 B3 - | wee 3 
4590 31 Crv | 11 55.7] —19 6| 5.28 | B3 B4n d I] I 
5191 n UMa | 13 43.6] +49 49 1.91 | B3 Ban d Il I 
6431 | u Her 17 13.6] +33 12 |14.8-5.3] B3 B3 d II I 
6453 | @Oph | 17 15.0] —2454| 3.37 | B3 B2 d [ | I 
6588 «Her | 17 36.6) +46 4 3.79 | B3 B3s d iat 2 
6787 102 Her | 18 4.5] +2048 4.32 | Be Bask d I] I 
7298 | » Lyr 19 10.4] +3858] 4.46 | B3 Bss e } 324 I 
7474 o Aql. 19 34.3} t 510] 5.17 B3 B3 | d I] I 
8926 1H. Cas 23° 25 4| +58 0 4.89 | B3 B3k d IT I 
| 





BS No 


250 

1149 
2343 
2057 
2745 
00g92 
6390 


The number of spectra on each kind of emulsion, and a mean 
value for the weakest line measurable for each of the kinds prin- 
cipally used, are given in Table II. 

Lines fainter than could be measured by the method about to be 
described could be seen on the Process plates of sharp-line stars. 
In the wide-line spectra, however, especially those on fast grainy 
plates, the situation was reversed; lines could be measured by the 
present method that could neither be found visually nor measured 
satisfactorily on tracings. This feature has made possible the study 
of many wide-line spectra in stars too faint to permit the securing 
of Process spectrograms. 

The plates were chosen so that every star of type Bg or earlier for 
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TABLE I 
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290 
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which a well-guided, adequately exposed plate was available was 
represented by at least one spectrogram. The total absorptions were 
measured on a photoelectric microphotometer’®? belonging to Dr. 
H. Rosenberg. In this photometer, a microscope objective projects 
a reduced image of a uniformly illuminated diaphragm (square, in 
this case) on the plate being measured. The diaphragm image must 
be large enough to include all of the line being measured. A second 
microscope objective produces an image of this region of the plate 
on the mirror of a Lummer-Brodhun cube, whence almost all the 


TABLE II 


PHOTOGRAPHIC EMULSIONS USED 


me No. of rst 
Emulsion Sieee. | Line 
| Measurable 
Eastman 40... 34 | o.08A 
Eastman Process. . 30 04 
Eastman Hyper-press. . . 13 | 0.06 
Imperial Eclipse Soft 3 | 
Eastman IV-O Spectrographic I | 
Eastman Supersensitive Portrait | 
3 re ” I 


light passes through a neutral wedge to the photocell. An electrom- 
eter is used to indicate balance between the output of this cell and 
that of another photocell, illuminated by the same lamp, which is 
used for compensation, the position of the neutral wedge being 
varied until this balance occurs. The setting of the wedge can easily 
be read to 0.1 mm, or about o.oo1 mag. Repeated measures on one 
point of a plate are useless; the steadiness of the electrical circuits 
of this instrument is such that the readings would all be the same. 

The procedure in measuring was as follows: the spectrum was first 
oriented parallel to one screw of the plate carriage, by inspection 
through the setting eyepiece. This eyepiece, focused on the mirror 
of the Lummer-Brodhun prism, gives the operator a view not only 
of the portion of the plate illuminated by the measuring beam but 
of the neighboring portion of the plate as well; this feature made 


'c For a more complete description of the instrument than is given below, see Zs. f. 
Instrumentenkunde, 45, 313, 1925, or Handb. der Astroph., 2, Part 1, p. 425, 1929. 
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easy such things as the orientation mentioned, the recognition of the 
spectral region, and the avoidance of bad flaws or scratches on the 
plate. When the plate had been oriented and the sensitivity of the 
electrometer adjusted to cover the range of densities needed, five 
(sometimes more) wedge readings were taken for each line, as fol- 
lows: one with the line centered in the diaphragm; two on clear film 
opposite the line (one above and one below the comparison spec- 
trum); and two on the continuous spectrum, at either side of the line. 
Where the density of the continuous spectrum was changing fast, 
two places on each side were measured. From this last group, a read- 
ing was deduced for the continuous spectrum at the position of the 
line. The mean of the clear film readings was used in the reductions 
as the zero point of that line. In addition to measures on the spec- 
trum, three points near the center of each of the measurable spots 
imprinted by the tube sensitometer on each spectrogram were 
measured, and clear film readings were made on either side of each 
spot. 

From the difference in wedge reading (clear film — spot) for each 
sensitometer spot, plotted against the known magnitude differences 
between spots, a characteristic curve was drawn for each plate. By 
means of this curve, the interval in wedge reading between line and 
continuous background at the position of the line was converted into 
a magnitude difference, and the total absorption for each line was 
deduced. 

Table III gives the measured intensities, in angstroms of total 
absorption, for each line measured in more than one or two stars. 
As will be shown later, the values given for the hydrogen lines are 
not actual total absorptions, but they are consistent fractions of the 
total absorptions regardless of broadening due to rotation or to Stark 
effect. Included also in Table III, in italics, are eye estimates of the 
total absorptions of some lines which were not measurable, because 
of weakness, or plate flaws. These estimates were calibrated by 
means of the measured intensities of other lines in the same spectrum 
or in other spectra of similar type and line width. An entry in the 
table such as < 0.08 indicates that the line was absent (that is, it 
could neither be seen nor measured) and that the weakest line 
shown with any certainty on that plate had an intensity of approxi- 
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TABLE III 


TOTAL ABSORPTIONS* 


é Xr G' Bond t > 20 T 19 10 
Wave-Length Per Ori Ori 640 Ori Mon CMa CMa Cep Lac 
Oes Oes Oes Oes Oes Oes Oc Oes Oes Oes 
Het 
4472 ©:59 | 6.68 | 0.52 0.91 ».87 | 0.51 | 0.70 | 0.96 | 0.97 | 0.81 
4020 0.58 | 0.59 | 0.48 r.0§ | @.:60 | o.40:| Oo. 55 | O:6¢ | 0.53 | O.04 
4713 QO. ZF | Ol8s)| O96 O.13:| 0.22 | 0.16. | O. 24, | O23.) ‘O23s | Gea 
4121 0.09 | 0.160] 0.12 0.34 0.15 ».05 | 6.05 | OFS | 0.34 | 0.33 
4388 0.20 | 0.21 | 0.27 0.65 | 0.34 | 0.21 | 0.16 | 0.59 | 0.20 | 0.32 
4144 0.72) | OE | Ors O.§7 | 0.22 | O.14 | 0.08 |) 0-4. | 0:76 | 116 
4009 0.06 | 0.06 | 0.05 0.46 | 0.55 | 0.02 | 0.022} 6:18 | O:02)} 'O.12 
3905 0.19 
4436 
4109 0.03 0.04 0.03 
Hew | 
4200 0.332 0.25 | O.45 0.10 20 | 6.43 0.24.1 @.25 O.15 0.18 
4542 0.55 | 0.53 | 0.28 |<0.10 | 0.42 | 0.44 | 0.48 | 0.39 | 0.30 | 0.46 
40806 0.32 | 0.40 | 0.60 O.25 | 0.44 | 0.40 | EmIS..| 0.26 | 'O. 92 | O71 
HT 
4102 1.22 | 1.37 | 1.31t| 2.18f| 1.42 | 1.16 | 1.09 | 1.68 | 1.32 | 1.09 
$340 1.51 | 1.38 | 1.51f| 2.85f] 1.81 | 1.39 | 1.11 | 1.79 | 1.36 | 1.57 
4861 E.%8 I. 52: 
S7 IV 
4089 0.10 | 0.22 | 0.04 0.18 | O.24 | 0.12 | 0.1 | 0:30 1°054% | O22 
4116 0.06 | 0.16 | 0.04 0.12 | 0.32 | 0.04: | 6,19 | 0.9401 O32) Gott 
4212 0.07 0.12 | | 0.04 
S710 
552 0.19 0.20:|} 0.08 
4507 0.10:| 0.04 
4574 ° 10: | 0.03 
| | 
S71 | 
4128 
4131 
| 
Nui | | 
4097 OLS; | -O<I9:|0°08 O.T0:| ©.26 | O.F§ | 'O. 54) O94. 1 Ovs7-1°e.1 
4379 0.07 ».090 0.00 0.00 | 0.07 
N Il 
005 | | 
4237 
4242 | 
Vg | | 
4481 0.12 | 0.06 | 0.05 |<o.10 | 0.10 | 0.07 | 0.05 | 0.08 | 0.11 | 0.05 
Ci 
4207 


| | | 


* Intensities are in angstroms of total absorption. Italics indicate estimated values. Hydrogen intensi- 
ties are not actual] total absorptions; see text 
t These values were determined from tracing 
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TABLE IlI—Coniinued 





























l | l 
K a 5 | $? | € | c | K p | T t 
Wave-Length Cas Cam Ori Ori Ori Ori Ori Leo | Sco Per 
Bo Bo Bo | Bo | Bo | Bo | Bo | Bop | Bo | Br 
Her so loge le 2c | | | 
4472. 0.66 r.39 | 0.75 | 29 |O 84 be 20 |I 04 °.gI I.07 |0.95 
4026.. 0.58 0.86 | 0.46 | 78 [0.56 |0.74 |0.62 0.68 | 0.71 |o.61 
4713 0.19 0.34: 1 6.25 10:53 jo Ig |0.25 |0.35 0.34 | 0.17 |0.39 
4121 O.4I3] 0:25 | OuFs o 36 | az 10.20:10.27:| 0.35 | 0.25 |0.30: 
4388 0.45 0.30 | 0.25 |0.72 | 38 10.36 0.44 0.41 | 0.60 |0.47 
4144 0.30 0.20 | 0.15 |0.57 |. 23 |o 26 i° 28 0.33 | 0.37 |0.37 
4009. . | ©. 29 O,13°|.O.5% | 29 |0.15 |o.12 P 17 0.31 | 0.23 |0.30 
3905 : 0.12 oO: 13. | O.ar: 
4438.. , , | | | 
4169 oe ¥- 0.01 t.. 10.03 [0.04 |0.06 0.08 | 0.02 | 
Het | | | | 
4200.. <o.08 0.23 | 0.13 |0.04:|0.10 |o.24 |0.06 0.05:1 0.07 
4542 0.10 0.26 | 0.17 |0.02:]0.14 |0.33 jo.04 |<o.10 | 0.15 |.. 
AOSG 5: 0.10 0.05:| 0.23 |0.52 |o.08:]o. 18 lo.20 |<o.10 | 0.27 |0.02 | 
H | | | 
oy ©.99 Ae I.03 |I.50 {1 1.52 |1.12 0.98 | 1.48 {1.08 | 
240... r.10 £960) 0-95 [2008 1b. 9) 11cS212 254 TSS 112200) [F085 
MES cere t ws hie ci 
SiIv | | 
4089... 0.27 1.00 | 0.32 |0.26 |o.62 Jo. 38 jo.43 0.18 | 0.09 |o.09 
AITO... ©.19 0.57 | 0.21 ]0.20 |0.50 |0.35 jo. 28 0.08 | 0.00 |0.03 
4212.... Fe | ee ee Bes ees lene 0:03 | 
S7 III | 
See 0.64 0.15:| 0.10 |0.54 |O.32 |o.22 |o.36 0.55 | 0.20 |0.45 
AS07063 0.50 0.10 | 0.06 |0.48 [0.24 |o.13:]0. 23 0.50 | 0.17 |0.37 
ie ere 0.29 |<o.10 | 0.04 |0.27 |0.14 |o.10:]0.13 0.29 | 0.14 lo 18 
| 
STII | 
COT ER EEE A |S oP csce, oad winter euigrerd 6, hates ace lentes lpiesb tar 
BRATS cicig Se LCi sete ae ive’ samt ; . Mee - ee 
Nu 
BOOT.«.s: <sic 0.08 0.87 | 0.15 |0.13 |0.37 |0.29 |o.26 0.10 | 0.20 |O.ITI: 
Oe Cc res eer ae Di2S backs es OPO NOLOS fO304 [es oi <0: 0.07 
Niu 
OR) See rs, (ae aR, ore DAEs <tr bel Pea ect seo Sea ea NLR Wr elione aiflelsetontin 0.22 
4237.. walele ae aa EOI RRO CARER eS A opeyn?| Soreraeer Bre 
ee Ee ee eae» 
Mgt 
4481.... 0.06 0.10:| 0.02 |0.15 |0.08 ]o.15 |0.15 0.27 | 0.11 0.20 
Ci | 
Cs ee or: ee ry | , 























Wave-Length 


Het 
4472 
4020 
4713 
4121 
4388 
4144 
4009 
3995 
4435 
4109 


Hew 
4200 
4542 
4050 


H 
4102 
4349 
4501 


SZiIV 


4059 
4110 
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TABLE III 


. B 
Ma Sco 
Br Br 
75 °.gI 
75. | 0.49 
20.) O.35 
F25| 0723 
So f O42 
30° | O.3I 
30° | 0.21 
6.22: 
I2 
0.05 
0.04 
I.4! 
IQ: 1 F.§a 
00: | 0.08 
03: | 0.02 
| 
45 | 0.18 
34 0.13 
2I |} 0.10 
| 
O02 0.03 
0.OI 
20: | 0.06 
| 
} } 
20 | 0.14 
| 
26 | 0.08 


Continued 


Y 6 Y | x’ 
Peg Cet | Ori Ori 
B2 B2 B2 B2p | 
I 2 I. 30 I.39 o.go 
0.938 5.3 I.19 | 0.66 
0.31 0.43 | 0.51 0.25 
3.3 Oo 40 0.390 0.30 | 
6.92} O.028 | O.87 | 6.74: | 
0.69 | 0.76 | 0.72 | 0.40 
0.45 | 0.62 | 0.56 | 0.40 | 
0.20 | O. 19 | 0.23 | 0:46 
0.00 
0.07 ©.10 
I.52 2.05 2.33 ¥.34 
2 24 2.40 2.90 E22? 
2.71 
0.02 
6:20 | 6:32 0.2! 0.58 
0.1¢ | 6:06] 6.21 0.44 
0.10 | 0.00 | 0.160 | 0.42 
} 
} 
| 
| 
0.06 | 0.08 | 0.11 | 0.54 | 
0.01 
| 
0.04 
0.24 | 0.28 | 0.21 | 0.25 
0.17 | 0.24 | 0.25 | 0.10 
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TABLE III—Continued 












































= y a — 
| 
rs | € | n sz Cd n | u | 0 t | 102 
Wave Length | And Cas Tau | Aur | Crv | UMa Her Oph | Her Her 
| Bs B3 | B3 | B3 | B3 | B3 B3 Bs; | Bz | B3 
—— ees eee x = mane iee. |B eee (eee. | Cee ee : 
Het | | | 
4472 -| 0.84 o.81 | 0.93 | 1.06) 0.85 | 5.08 1.80 | 1.13) I ro) D.k4 
4026 | 0.72 | 0.64 | 0.85 | 0.83} 0.80 | 0.78 | 0.99 | 1.13] 1.00 | 0.84 
4713 PO. 03 0.77) ho. 2s | 0.27] 0.35 | 0.08:] 0.52 0.31} 0.38 0.2 
4121 | 0.04:] 0.11 0.14 | 0.17| 0.23 | o.11 0. 36 0.41} 0.20: | 0.25 
4388 | 0.54 | 0.47 | 0.45 | 0.59] 0.42 | 0.64] 1.11 0.71) 0.82 | 0.81 
4144 10.45 | 0.42 | 0.46] 0.55] 0.54 | 0.47 | 1.17 | 0.59] 0.66 | 0.58 
4oog....| 0.31 | 0.25 | 0.36 | 0.33] 0.37 | 0.31 | 0.45 | 0.54] 0.36 | 0.47 
3065. | 0.45:| 0.24] ae eee | 0.36 | 0.33 
4438 | 0.04 | 0.03 O.12 | 0:32 | 0.09 .| ©.03] 0.14 | 0.08 
4109 | 03 | 0.19 0.03} 0.09 | 0.00 | 0.25 0.12) 0.09 | O 08 
| | 
| 
Het | | | | | 
4200 a |. | 
4542 | | | | 
4686 | | | 
| | 
| | 
H | | 
4102 BOO" 15200) 2514] 2529) (2.97 162700) || 42784 E-B7) 2222) | 51 
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TABLE III—Continued 
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mately 0.08 A. The colon (:) is used to indicate an uncertain 
measure or estimate. 


II. INVESTIGATION OF ERRORS 
The theoretical difference between line intensities measured in the 
manner described and those determined by integration of profiles has 
been investigated by Ohman." He found that where one is working 
on or near the straight-line portion of a characteristic curve whose 
slope is 1, and where the average density of continuous spectrum and 
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Fic. 1.—A comparison of the measured line intensities (abscissae) with (a) helium 
intensities given by Williams, () intensities of various other elements given by Williams, 
and (c) Si m1 intensities measured by Elvey. Units in both co-ordinates are angstroms 


total absorption. 


line is 0.25 or more, the measured total absorptions should be greater 
than those determined from tracings by about 6 per cent. I did not 
reduce my intensities by this amount, however, since comparison of 
my results with those of Williams’ showed a slight linear systematic 
difference, my values being smaller than his. These comparisons are 
shown in Figure 1, (a) and (). Figure 1 (c), comparing my meas- 
ures of lines of Sz 111 with Elvey’s,’? shows no such systematic dif- 
ference. 

Two sets of microscope objectives were used in the photometer 
during this investigation. The first, used for about three-fourths of 


« Arkiv f. Mat. Astron. ach Fysik, 20A, No. 23, p. 24, 127. 
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the measures, gave a diaphragm image on the plate of 0.27 mm, 
covering 5.5 Aat Hé and 7.0 A at Hy. The other set of objectives il- 
luminated a 0.22-mm square on the plate, equivalent to 4.4 A at Hé 
or 5.7 A at Hy. The latter was used only on spectra having fairly 
sharp lines, where poor guiding or narrowness of spectrum required 
it. Comparison of results obtained with the two magnifications was 
made by measuring three plates both ways. Systematic differences 
were found to be small—less than o.o1 A for a line in two cases, and 
0.05 A in the third. Remeasurement and reduction independent of 
the first set of measures, on two plates, gave for the mean accidental 
error a value of o.o15 A. 

Systematic differences between measures on two spectrograms of 
the same star appear to be of a larger order, amounting to o.10 A for 
the mean of ten such cases. These differences are, of course, smaller 
for weak lines and larger for strong ones, in absolute value; but they 
very scldom exceed 20 per cent of the intensity of a strong line, while 
for the weakest lines they may be 75 per cent. A study of these dif- 
ferences convinced me that measures from one excellent plate were 
more trustworthy than means from two or three mediocre plates; 
hence, only the best plate available was measured for most of the 
stars studied. 

Another possible source of error, in the case of binaries showing 
two spectra, lies in the apparent shallowing of each line by the con- 
tinuous spectrum from the other component. This should be serious, 
however, only at phases when the lines are well separated. Examina- 
tion of the plates which I had measured for the four stars on my list 
which were known to have two spectra’? (8 Sco, o Aql, u Her, and 
2 Lac) convinced me that the lines were not visibly double for any 
but that of u Herculis; the microphotometer tracing of this spectrum 
showed that any such correction would be inappreciable. Therefore, 
none was made. 

For the hydrogen lines, the values given in Table III for all stars 
are systematically too small, as the square diaphragm did not in- 
clude all of the wings of these lines, even in the O-type stars. This 
error was investigated by means of a tracing made with the recording 
microphotometer on a spectrum of ¢ Orionis; the total absorption 


12 J. H. Moore, Lick Obs. Bull., No. 355, 1924. 
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measured on a profile of 16 obtained from this tracing was 1.57 A; 
the value which I had measured with the Rosenberg photometer was 
1.18 A. When the wings of the profile were cut off as the square dia- 
phragm had cut them off, the value measured on the tracing was re- 
duced to 1.11 A, agreeing, within 6 per cent, with the other value. 
The corresponding difference for Hy was 8 per cent. The intensities 
given in Table III for the hydrogen lines in the two stars of the 
Trapezium in Orion, Bond 640 and @ Orionis (Bond 628), were meas- 
ured in this way also, that is, by making profiles from tracings, dis- 
regarding in these cases the sharp emission lines in the centers of the 
broad absorption lines, and cutting off the wings where the dia- 
phragm would, had they been measured in the Rosenberg photom- 
eter. Judging from the case just mentioned, c Orionis, the values so 
obtained should not differ appreciably from those which I would have 
obtained by measuring in my regular manner, if the emission had not 
been present. 

Further comparison of results obtained by the present method 
with those from tracings was available from the helium and silicon 
intensities in three stars. For Orionis, seven lines were, on the aver- 
age, o.o2 A weaker on the tracing than in my regular measures. For 
Bond 640, three lines appeared 0.08 A stronger on the tracing, in the 
mean. For 6' Orionis, \ 4472 was 0.14 A weaker on the tracing; this 
was a rather dense and grainy plate. Thus, there seemed to be no ap- 
preciable systematic difference between the two methods of measur- 
ing total absorptions. A tracing was also made for u Herculis, the 
star having the widest strong helium lines of any measured, as de- 
termined by visual inspection. From this tracing it was evident that 
no corrections to the total absorptions for helium were necessary, 
as even in this spectrum \ 4472 was not as wide as the square 
illuminated in the Rosenberg instrument. Therefore, all values 
given in Table III are to be regarded as measured total absorp- 
tions, except those given for the Balmer lines. The latter, judging 
from the tracings mentioned above and from Figure 2, are about 
two-thirds of the total absorption when the latter is 2 A, decreasing 
to one-third at a true value of g A. This figure shows a comparison 
of my measures of hydrogen with those by Williams’ and by Elvey.® 
Parts (a) and (d) of this figure show, also, that there is no appreciable 
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systematic difference between my measures on the giant and dwarf 
groups of stars (see sec. III, below), as points for giants and dwarfs 
tend to lie along the same line, in each case. Such a difference might 
be expected from the relatively stronger wings of the dwarf stars, 
which would cause the measured intensity of a hydrogen line in a 
dwarf to be smaller than that in a giant, while the true total absorp- 
tions in the two are the same. 

A similar systematic difference in the ratio of measured to true 


total absorption would be anticipated between rotating and non- 
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Fic. 2.—A comparison of the measured hydrogen intensities (abscissae) with (a) 
intensities measured by Williams, (6) intensities given by Elvey, divided according to 
luminosity, and (c) Elvey’s values, divided according to line-width class. Units in both 


co-ordinates are angstroms total absorption. 


rotating stars; the evidence of Figure 2 (c) would tend to show that 
this effect was inappreciable, since the points for rotating and non- 
rotating stars tend to lie along the same line. To test the matter fur- 
ther, the profiles given by Elvey® for Hy in 8 Canis Majoris and in 
8 Orionis were arbitrarily broadened by an amount corresponding to 
an equatorial radial velocity of 120 km/sec at the limb, keeping the 
total absorption constant. The intensity that would be measured by 
my method, which takes into account only the central 7 A of this 
line, was lowered by less than 3 per cent in either case, an amount 
well within the random errors of measurement. These profiles should 
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furnish a rigorous test, for the cores of these lines are almost of the 
same width as the image of the diaphragm used in measuring. 


III. BEHAVIOR OF HYDROGEN LINES 

The mean values measured for the hydrogen intensities for each 
Harvard spectral type are shown in Figure 3 (a). The slight dip from 
O to Bo is doubtless due to the larger proportion of dwarf stars (see 
below; also Table I) among the O’s than among the Bo’s. The ratio 
H6:Hy averages 0.83, varying between 0.8 and o.g for the different 
subtypes. Williams’ found that the hydrogen lines he measured, 
from Hy to Hé, “have nearly equal intensities.”’ 

The stars measured in each subtype were divided into giants and 
dwarfs, following Struve’s lists” for all stars given there, and follow- 
ing his criteria as closely as possible for the remaining stars (italicized 
in Table I, third column from the right), especially as to the appear- 
ance of the hydrogen and helium lines, showing presence or absence 
of wings due to Stark effect. The striking difference between giants 
and dwarfs in the behavior of the mean of the two Balmer lines meas- 
ured is shown in Figure 3 (0). The curves for the giants show a rise 
of only about 50 per cent for the stars later than B3 as compared 
with the earlier ones. Among the dwarfs, the rise starts earlier and 
is very much steeper, increasing to almost double in the interval 
Bri-Bs. 

It was deemed important to search for possible systematic differ- 
ences between stars such as those used by Struve in his studies, 
which have for the most part sharp lines, and stars whose lines are 
broadened appreciably by axial rotation. For this purpose the meas- 
ures of rotational broadening of \ 4481 of Mg 11 and J 4472 of He 1 
made by Miss Westgate’ were selected as an appropriate criterion, 
especially since her list covers all but four of the stars I measured. 
The other sixty-six stars I divided into two approximately equal 
groups: class I, including stars for which her adopted equatorial 
velocity of rotation is less than 65 km/sec; and class II, the stars with 
higher rotational velocities. The four stars not measured by her I 
classified by visual comparison with other stars of the same spectral 


13 Ap. J., 77, 141, 1933- 
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type and luminosity group. The line classes of these four are itali- 
cized in Table I. 

The behavior with changing spectral type of the measured mean 
hydrogen intensity for the two classes of line widths is shown in 
Figure 3 (c). In type O, the apparent strengthening in the wide-line 
stars is partly an effect of absolute magnitude, since all four class I] 
stars are dwarfs, while four of the six class I stars are giants. At Bs, 
absolute magnitude again accounts for part of the difference between 
the two groups; the remainder may easily be due to accidental errors. 
It appears, then, that rotational broadening has caused no system- 
atic difference in classification of the stars of types O and B under 
the Harvard system, if we take hydrogen intensities as the indicator. 

As this question was found to be especially significant in connec- 
tion with the behavior of neutral helium (see sec. IV, below), a fur- 
ther study was made, retaining the line-width class of each star but 
using the spectral types assigned at Victoria,’ where this was B6 or 
earlier. This included forty-nine of my seventy stars; the few stars 
on my list classified at Victoria as B7 or later are all in class I; hence 
they are omitted in Figure 3 (d), which shows the results of this 
study. It might seem at first sight that the stars of class II in the 
types later than Bo are classified too late with respect to the sharp- 
line group; but upon observing the reverse effect at B4, 5, 6, and in 
general the large departures of both curves from smoothness, it 
seems to me that there is no definite systematic difference in in- 
tensity of hydrogen lines between rotating and non-rotating stars of 
the same Victoria spectral class. 

IV. BEHAVIOR OF THE LINES OF NEUTRAL HELIUM 

Figure 4 shows the behavior, with Harvard spectral type, of all 
the lines of neutral helium which were strong enough to be studied 
over the whole of the range of spectral types covered. For the sake 
of completeness the intensities of these seven lines were estimated in 
every star where they could not be measured. Where the line could 
not be found, its intensity was counted as zero in taking the mean for 
the spectral type. The dotted portion of the curve for \ 4026 indi- 
cates an allowance for blending with the He 1 line at \ 4024 in the 
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Fic. 4.—Behavior of helium intensities with spectral type, in all stars measured. 
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The maximum at type B2 for all lines but one agrees with the re- 
sults of other investigators."* The one exception, the singlet \ 4144, 
is doubtless due to accidental errors, as may be seen from the close 
similarity to each other, in every respect but this, of the three singlet 
curves. From these curves, it is obvious that there is a definite dif- 
ference in behavior between the lines of the singlet and triplet sys- 
tems of this element. There is evidently no displacement of maxi- 
mum intensity, from one system to the other; and the behavior of 
the two sets of curves on the low-temperature side of the maximum is 
similar in many respects, but on the hot side of the maximum, in the 
interval from O to B2, the slopes of the curves for triplets are defi- 
nitely smaller than those for the singlets. Plotted as they are, with 
equal intervals between Harvard subtypes, the curves for the sin- 
glets are almost symmetrical about B2.3 or thereabouts, whereas 
there is a definite asymmetry in every one of the triplet curves, the 
left portion being flatter and higher. The effect, of course, is to 
give a sharper, better-defined maximum for the singlets. It may be 
seen, also, that the triplet-to-singlet ratio (A 4472: 4388 is the best 
example) decreases definitely from type O to type B2, and then re- 
mains sensibly constant through type B8. The results by Struve’s 
and by Elvey”™ are thus confirmed on the high-temperature side of 
maximum. 

Another feature to be noted is that, as in the Balmer lines, there is 
a fading along each series, quite definite for the diffuse triplets in 
the hotter stars and for the singlets all through the interval studied. 

Figure 5 shows the differences in the behavior of the helium lines 
between the giant and dwarf groups. In the latter, all of the lines 
have a well-defined sharp maximum at type B2, as has been ob- 
served by Struve, Williams, and others. The giants, on the other 
hand, show a flat maximum at Br1, in all cases but one. It is sug- 
gested that the sharpness of the maximum in the dwarfs may be due 
to a tendency, in classifying, to bunch all of the stars having the 
strongest helium lines in one subdivision. The weakness of the hy- 

14Cf. Miss Payne, The Stars of High Luminosity, p. 90, 1930; Struve, Ap. J., 78, 
82, 1933; Williams, op. cit. 

5 Ap. J., 78, 82, 1933; also ibid., 74, 249, 1931. 


6 Thid., 70, 150, 1929. 
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Fic. 5.—Behavior of helium intensities in dwarf and giant groups. (a) shows the 
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drogen lines in giants, allowing them to be classified earlier than 


dwarfs having helium lines of the same strength, may account for the 
difference in position of the maximum intensity between the two 
groups. The singlet and triplet groups of curves, for both giant and 
dwarf stars, retain in general the difference mentioned above, name- 
ly, that the triplets fade out more slowly on the hot side of maximum 
than do the singlets. 

Considering the strongest and most accurately measured line in 
each system (again A 4388 and \ 4472), it may be noted that the 
triplet line \ 4472 fades out more slowly, on either side of maximum, 
in giants than in dwarfs. For the singlet, \ 4388, the same is true in 
the later types; but in the interval B2 to O, the situation is reversed; 
the intensities in giants drop faster than those for dwarfs, if any- 
thing. 

If these differences between singlets and triplets, depending upon 
luminosity, were due solely to the steeper gradient of line intensity 
in giants, we would expect to find the singlets intermediate in be- 
havior, as they are in strength, between the diffuse and the sharp 
triplet lines. That this is not the case is best shown, perhaps, by us- 
ing the stars of type O as an example. The triplets, in either series, 
are, on the average, about 25 per cent stronger in the dwarfs than in 
the giants; yet every one of the singlets is at least twice as strong in 
the dwarfs as in the giants. Thus, the triplet-singlet differences can- 
not be due entirely to the gradient effect." 

The differences I have found between singlets and triplets in giants 
and dwarfs are in essential agreement with those of Struve,'® on 
which he bases his suggestion that the He 1 anomaly may be ex- 
plained by large departures from thermodynamic equilibrium, the 
departure being greater for a giant than for a dwarf. 

At type B2, both \ 4472 and A 4388 are about 50 per cent stronger 
in dwarfs than in giants, and the triplet \ 4472 is 50 per cent stronger 
in either class than its neighboring singlet \ 4388. At type B38, 
\ 4472 is still a little stronger in dwarfs than in giants; the singlet, 
however, is actually materially stronger in the giant stars. The 
other two members measured in the same singlet series confirm this 

17 See Struve and Elvey, 7bid., 79, 409, 1934. 

8 Tbid., 82, 257, 1935, gives a summary of Struve’s results on the He 1 intensities. 
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fact. It may be mentioned that only in the giants of type B8, as a 
group, does \ 4388 become as strong as A 4472. This is contradictory 
to Struve’s estimated data." 

It is interesting at this point to interject a study of a pair of stars 
of the same spectral type, B8, whose luminosities are known from 
non-spectroscopic criteria to be markedly different from each other. 

TABLE IV 
TOTAL ABSORPTIONS IN 8 ORIONIS AND 6 PERSEI 


Element N gion posh 
slemer / . . 
sa B8 Giant B8 Dwarf 
He 1 triplets 4472 0.38 0.78 
4020 0.20 0.01: 
4713 0.21 0.54: 
4121 0.08 0.10 
He 1 singlets 4388 0.36 0.20 
4144 0.14 0.15 
4009 0.15 0.18 
H 4102 I .09g 3 68 
4340 1.15 4.31 
S60 4128 0.15 0.15 
4131 0.15 0.10 
Meg il 4481 0.44 0.64 
C Il 4207 O53 <0.085 


The rotational broadening in the two stars chosen is almost identi- 
cal.'3 The giant, 8 Orionis, is the brightest member of the Orion 
cluster, whose parallax has been reasonably well determined,”® giving 
an absolute magnitude of —6.0 for this star. The dwarf, 6 Persei, 
has a good trigonometric parallax” which agrees well with the paral- 
lax computed from the eclipsing binary system.’ The line inten- 
sities for the two stars are shown in Table IV. 

Among the He 1 lines, it will be noted that the stronger “diffuse”’ 
triplets are enhanced in the dwarf (cf. Fig. 5), the weaker triplets are 

19 Tbid., 74, 249, 1931. 

 Rasmuson, Lund Medd., Ser. II, No. 26, p. 48, 1921. 

Schlesinger, General Catalogue of Stellar Parallaxes, 2d ed., 1935. 


> Shapley, Princeton Contr., No. 3, p. 83, 1915. 
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doubtful, and the singlets may be slightly stronger in the giant. 
Hydrogen is very much stronger in the dwarf (cf. Fig. 3 [d]), as is 
Mg i (contrary to its usual behavior at B8; see Fig. 13, below). 
Si 11 and C 1 are both enhanced in the giant, as will be shown to be 
the general case. Thus in all but one of the features enumerated, this 
well-established giant and dwarf differ in the same manner as do the 
means for the giant and dwarf groups divided according to spectro- 
scopic criteria.”* 

It is also of interest to study the changes of line intensity with 
changing apparent magnitude in the brighter Bo stars of the Orion 
group. Rasmuson’’ lists the four stars e, ¢, x, and 6 Orionis as mem- 
bers of the Orion cluster, for which he derives a parallax of 070055. 
These stars lie within an area in the sky about 5° by 10°. Assuming 
that these four stars are all at the same distance, the differences be- 
tween their apparent magnitudes will of course be equal to the dif- 
ferences between their absolute magnitudes. Therefore, such a study 
might be expected to show, at least to some extent, the effects of 
changing luminosity on line intensity. The range in apparent mag- 
nitude, however, is only about three-fourths of a magnitude, which is 
rather a small fraction of the total dispersion in absolute magnitude 
at type Bo. 

Figure 6 shows the intensities of lines of various elements in these 
four stars, plotted against their apparent magnitudes. The lines of 
neutral helium and of hydrogen, shown in part (a) of the diagram, do 
not display any enhancement in the less luminous stars, although 
that is their general tendency at Bo (see Figs. 3[b] and 5). There is, 
however, a similarity in behavior between Hy and X 4472, like that 
shown in Figure 7 (0), below. On the other hand, both A 4089 of Si Iv 
and \ 4097 of N m1, shown in part (b) of the figure, do show quite 
definitely the enhancement in the more luminous stars that is char- 
acteristic of their general behavior (see sec. V, below). The two lines 
of He 11 plotted in part (c) also show fairly typical behavior; \ 4542 
shows no definite trend; it will be shown to be only slightly strength- 

23 For further evidence on the luminosities of Struve’s giants and dwarfs, see Miss 
E. T. R. Williams (A p. J., 75, 386, 1932), and E. G. Williams (09. cit.). 
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ened in the dwarf group, in general, at Bo. \ 4686, which will be 
demonstrated to be more markedly strengthened in the Bo dwarfs, 
shows just such a strengthening in this group of stars. 
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Fic. 6.—Measured intensities of various lines plotted against apparent magnitudes 
(abscissae) for bright stars of type Bo in Orion. Ordinates are angstroms total ab- 


sorpt ion. 


In Figures 7-9, inclusive, the intensities of three singlet and three 
triplet lines of helium have been plotted for individual stars against 
the measured intensity of Hy. Each figure covers one or two Harvard 
subtypes, depending on the number of stars measured in each class. 
Thus, in each graph, the giants will be at the left, having lower hy- 
drogen intensities. In the O stars, all the lines except perhaps A 4472 
show definite correlation of hydrogen and helium intensities, even 
without the isolated right-hand point (Bond 640), for which the hy- 
drogen intensity is somewhat uncertain. 

At type Bo, all of the strong, well-measured lines, of both singlet 
and triplet systems, show the correlation mentioned above, indi- 
cating that helium lines, as well as those of hydrogen, are stronger in 
dwarf stars. The same is true, though less marked, in types B1 and 
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Fic. 7.—Intensities of various helium lines (ordinates) plotted against intensities 


of Hy (abscissae) for stars of type O (a) and type Bo (6). All values are angstroms total 


absorption. 
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Fic. 8.—Intensities of various helium lines (ordinates) plotted against intensities 
of Hy (abscissae) for stars of types Br, 2 (a) and type B3 (6). Intensities are in ang- 


stroms total absorption. 















































2.0 3.0 2.0 3.0 2.0 3.0 
i T T T T T 
aid | | mi I el | ! —| 2.0 
4472 e 4026 4l2l 
- FY 
& 1.0L =" 4 Aes 
= oe e 
° a 
a 
s ‘ e a © * ze e 
° . * e 
| | | | uc ' ° gh 
; + t + ; + + +-—2 + a 
q 4366 4144 4009 
mn 
o 
=> 1.0 a os oe —+ I.0 
& 2 
a a 
e 7 * . i ' it + 
a ® * @ 
ee - ° he c) is ” ® 
| i | i | i | ! | _ °° | @ , 
2.0 3.0 2.0 3.0 2.0 3.0 | 
TYPES B8, 9 | 
Le 39 30 +40 ra 20 320° 240 1.0 20. 2:0. 46 
| T T T T I T T T T T T T 
Paka ie a a aa ca a a aa a eae ae 
4472 4026 4121 
wn 
~ 
£0 — = = ah 140 
5 
e e 
os 
Ps L As r 
” ‘ a 
* e ex e @e® @ 
“> dtl ih. e pee b | 
\ \ ‘ 1 F Fe (bier erties pe jo | , ola of Of 
‘je, Delia AAAI Smile aii aides Raia ie ik i i ae ieee alan 
| 
i 4386 4144 | 4009 | | 
LY 
vo 
Sp 1.0 — + -4- — 1.0 
& 
Nn 
ee e 
2 FY oos8 a es $ * ‘ 
& & oe 
ree oes ter ~  | yy le ele 9 LY | x 18 eh or 
iO 260 3:0 .-466 1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0 


Fic. 9.—Intensities of various helium lines (ordinates) plotted against intensities 
of Hy (abscissae) for stars of type Bs (a) and types B8, 9 (6). Intensities are in ang- 


stroms total absorption. 
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B2.?4 At B3, where none of the stars measured was called a giant, 
there is no appreciable correlation whatever. The graphs for type 
Bs and for types B8 and Bg show for some lines a suggestion of the 
opposite effect from that shown in the groups earlier than B3,?5 but 
the intensities are so small that the apparent effect may be due to 
errors of measurement. 

The behavior with changing Harvard spectral type of the helium 
lines in the sharp-line (class I) and wide-line (class II) stars is shown 
in Figure to. There appears to be no sensible difference between 
singlets and triplets. All curves for class I appear normal (cf. Fig. 4), 
but those for class II are quite definitely different, showing broad 
maxima more than a whole subtype later than the sharp-line stars. 
This suggests that in the Harvard system the rotation stars are 
systematically classified too late, if we take helium intensities for the 
criterion of spectral type. It has already been proved that, if hydro- 
gen intensities are used as the criterion, there is no such effect. The 
shift of maximum is still definitely present, though of course dimin- 
ished, if the peculiar B5 wide-line star 27 Canis Majoris is entirely 
omitted from the discussion. The plate measured for this star, how- 
ever, is well guided and of good quality. For the stronger singlet 
lines, indeed, one may disregard the points for class B5 entirely, and 
there still remains a very definite shift of the maximum. 

When Victoria subtypes are once more substituted for Harvard, 
as was done for the hydrogen intensities, retaining the division into 
classes I and II as before, the results are as shown in Figure 11. The 
non-rotating stars again show maximum intensities at B2, while for 
the class II stars the maximum is definitely shifted to B3. 

Not enough of the seventy stars measured for this investigation 
have been measured by the workers at Mount Wilson to attempt a 
comparison on the basis of their classification. 

24 Miss Payne ef al. found the same effect in the stars of the Scorpio-Centaurus 
cluster (Harvard Circ., No. 365, 1931). 

28 Miss Payne et al. believed such an enhancement of He 1 in the giants to be present 


in the Scorpio-Centaurus cluster (zbid.). 
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Fic. 10.—Behavior of neutral helium intensities with Harvard spectral type, in 
sharp-line (class I) and wide-line (class II) stars. Ordinates are angstroms total ab 
sorption. 
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V. BEHAVIOR OF OTHER ELEMENTS 
The behavior with Harvard spectral type of such other elements 
as were measured in an appreciable number of stars (i.e., elements 
besides H and He 1) is shown in Figure 12. Each point represents the 
mean for all stars studied in that spectral type; absences were count- 
ed as zero intensities in taking these means. Only when a line had 
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Fic. 11.—Behavior of strong helium lines with Victoria spectral type, in sharp-line 
(class I) and wide-line (class II) stars. Intensities are in angstroms total absorption. 


been measured on the majority of plates of one Harvard subtype was 
its absence determined or its intensity estimated visually in the rest 
of the group and the mean intensity plotted in Figure 12. 

The agreement with previous results, based in great part on esti- 
mated data, is excellent; there are only a few minor exceptions. Com- 
paring with Miss Payne’s data,” we find substantiated the excellent 

© M.N., 92, 368, 1932; see also Harvard Circ., No. 256, 1924. For special reference 
to O stars, see H. H. Plaskett, Pub. Dom. A p. Obs., 1, No. 30, 1922. 
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correlation which she shows between spectral type of maximum 
intensity and ionization potential for the various atoms and ions; 
there are, however, disagreements of one Harvard subclass as to 
the position of maximum for NV im, Sz Iv, and C wu. The first 
two of these may be due to the fact that I have considered all of the 
O stars measured as one group. The maximum found from my meas- 


ures at type B8 for Si 11 may be spurious, owing to luminosity effects; 
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Fic. 12.—Behavior of line intensities of various elements (expressed in angstroms 
total absorption) with Harvard spectral type. Points shown are means for the follow 
ing lines: He 11, AX 4200, 4542, and 4686; Sz Iv, AA 4089, 4116; N It, A 4097; Sz II, 
AA 4552, 4567, 4574; Mgt, \ 4481; N I, \ 39095; CU, A 4267; Sz, AA 4128, 4131. 


there are three giants, in which these lines are enhanced, in the B8 
group, and none in Bg. Measures of spectra of types Ao and A2 will 
be needed to settle this point. 

One is impressed, upon considering the implications of Figure 12, 
with the large change in spectrum corresponding to an interval of 
one subtype in the range earlier than B2, compared with the later 
classes. Compare, for instance, the breadth of the maximum for 
C 1 with the sharpness of the peaks for Sz Iv and N 11. 

A study of these elements, with the stars divided into giant and 
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dwarf groups, yields several interesting results, shown in Figure 13. 
\ 4481 of Mg 11 shows no appreciable effect until B2, agreeing with 
Morgan;”’ in the giants of types B8 and Bs it is about 4o per cent 
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FIG. 13.—Behavior with spectral type, in giant and dwarf groups of stars, of line 
intensities of (a) magnesium, (6) silicon, (c) nitrogen, and (d) ionized helium and carbon. 


stronger than in the dwarfs.”* The ratio \ 4481: 4472, often used 
for a criterion of spectral type, will therefore show an absolute-mag- 
nitude effect, since one line or the other is sensitive to absolute mag- 


27 Ad. J., 77, 201, 1033. 


6 This strengthening was noticed by Struve (7bid., 78, 82, 1933). 
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nitude in every subdivision of the B stars. Every one of the meas- 


ured lines of silicon and nitrogen in various stages of ionization shows 


approximately twice the maximum strength in giants that it shows 


in dwarfs. C 11 also is enhanced in the Bs and B8 giants. 
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Behavior with Harvard spectral type of line intensities of (a) silicon and 


(b) magnesium, in stars with sharp lines (class I) and with wide lines (class II). Ordi 


nates are angstroms total absorption. 


Thus, the spectra of He 1 (in the types earlier than B3) and of 
hydrogen remain the only ones in which the lines are consistently 


more intense in dwarfs than in giant stars. 


The behavior of ionized helium should be mentioned in this con- 
nection. Referring to Figure 13 (d), we see that the mean intensities 
of \ 4686 and \ 4542 (members of different series) are not greatly 


different in the giants and dwarfs of type O, but at Bo they are 
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stronger in the dwarfs. This effect is more marked in \ 4686, with 
the result that this line is three times as strong in Bo dwarfs as in 
giants, while \ 4542 is only 50 per cent strengthened in the dwarf 
group. The noteworthy feature of this effect is that the Bo stars in 
Orion, as mentioned in section IV, show the same thing; that is, 
\ 4686 is more intense in the fainter and presumably less luminous 
of those stars, while \ 4542 shows no definite correlation. 

Upon investigating the effects of rotation (Fig. 14), we find that 
nearly all of these elements show no systematic effect (e.g., Sz 11, 
Mg 11); \ 4089 of Si Iv, however, is apparently definitely stronger in 
the rotating stars (class II) at Bo. No obvious explanation suggests 
itself; 4 4116, also due to Si Iv, shows the effect only to an extent 
well within the errors of measurement. Sir also seems to be 
stronger in the class II stars at Bo, though not in the later types. 


I wish to express my sincere thanks to Dr. Otto Struve and to Dr. 
W. W. Morgan for suggesting this problem and for their frequent 
and helpful advice, and to Dr. H. Rosenberg for his kindness in 
allowing me to use his photometer. 
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THE CLASSIFICATION AND LUMINOSITY OF THE 
n AND s STARS OF TYPE A 


J. A. HYNEK 


ABSTRACT 

Data are compiled concerning the luminosity, the color temperature, and the 
spectral classification of 409 of the Mount Wilson n and s stars of type A. It is shown 
that 255 n stars show a strong tendency to cluster closely about the spectroscopic abso- 
lute magnitude +1.9. No systematic error is found in the determination of the lumi- 
nosities of these stars spectroscopically and from trigonometric parallaxes. It is shown 
that observed differences in luminosity between the n and s stars of a given spectral 
class are probably due to the preferential luminosity of the n stars rather than to an 
absolute-magnitude effect caused by rapid axiai rotation. 

It is shown that the differences in color observed when the n and s stars are arranged 
according to Mount Wilson classes disappear when they are arranged according to 
Harvard spectral classes. This is strong negative observational evidence for a rotational 
absolute-magnitude effect. The consistency of the Harvard classification of Mount 
Wilson n and s stars is confirmed by a quantitative examination of the intensities of the 
most prominent of the usual criteria of spectral classification of A stars. 

The effect of rapid axial rotation upon the number of atoms active in the production 
of a few prominent lines of an A-type spectrum is estimated, and it is shown that the 
effect is so small that it would be difficult to detect it observationally, except perhaps 
in individual rapidly rotating giants. 


Recent papers by Struve' and by Miss Williams?’ have considered 
certain aspects of the physical significance of the n and s stars.’ It 
was pointed out that, in general, the n stars are less luminous than 
the s stars of the same spectral class. Three possible causes of this 
phenomenon were given: (a) there may be a systematic error in 
the classification of the n stars, (0) the more luminous stars rotate 
more slowly than the less luminous ones, (c) the decrease in surface 
gravity due to the rapid rotation of the less luminous star makes it 
appear to belong to an earlier spectral class than it would if it had 
no rotation. Of these three possibilities, Miss Williams, from the 

t Pop. Astr., 43, 496, 1935. 

2 Ap. J., 82, 432, 1935. 

} There exists some confusion in the use of this notation. The suffixes are mutually 
exclusive (Int. Astr. Un., 1922); “‘n’’ denotes a spectrum having all lines diffuse, “‘s’’«s 
used when the lines are uniformly sharp but when ‘‘c” characteristics are not present. 
The two are used simultaneously by some writers to denote intermediate stages between 
sharp- and very diffuse-line stars, while certain stars have been classed as ‘“‘n’”’ by some 


” 


observers and “s 
lines are markedly broadened by the Stark effect, while the metallic lines remain sharp. 


by others. The latter difference probably arises when the hydrogen 
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study of the spectral classes, luminosities, and color temperatures of 
54 stars taken from the catalogue of Adams and Joy,’ concluded 
that (c) was the most probable cause. Struve and Morgan, on the 
other hand, have expressed the opinion (private communication) 
that the effect found by Miss Williams is probably caused by (a) and 
that a careful study of (a) and (b) should precede any attempt to 
evaluate (c). A study of 409 n and s stars listed in the recent cata- 
logue of spectroscopic parallaxes by Adams and his collaborators® 
does not confirm the conclusion of Miss Williams, and indicates 
strongly that both causes (a) and (b) are present but that (c) 1s 
practically absent. 
THE LUMINOSITIES OF THE N AND S$ STARS 

Table Ia gives the distribution of the n and s stars with respect 
to the Mount Wilson spectral classes; Table Ib gives a similar dis- 
tribution with respect to the Harvard spectral classes, and Table Ic 
is Miss Williams’ original table,° given for comparison. The first two 
tables contain, in successive columns, the spectral class of the s stars, 
the mean absolute magnitude, the mean value of the color equiva- 
lent c,/T for all stars for which it was available, the weight of the 
color determinations, which is taken equal to the number of de- 
terminations available, the number of stars, and the total range in 
absolute magnitude within each subclass. The last six columns give 
the same data for the n stars. Miss Williams’ table is similar in con- 
tent. In the recent Mount Wilson catalogue of spectroscopic paral- 
laxes, stars earlier than Ao are not included and the suffixes n and s 
are not applied to stars later than Ag, while all the A stars listed 
have either the suffix n or the suffix s. Table Id has fewer stars than 
Table Ia because many of the Mount Wilson A stars are listed as 
composite by Harvard, a few do not have corresponding Harvard 
classes, and some are either earlier or later than Ao or Fo, respective- 
ly, in the Harvard notation. These stars were not included in 
Table Id. 

A glance at Tables Ia and Id, columns 2 and 8, shows at once that 
in the redetermination of luminosities at Mount Wilson the familiar 
correlation of the n stars with luminosity, which for some time was 


4 Mt. W. Contr., No. 244, 1922. 5 Ap. J., 81, 187, 1935. © Op. cit. 
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TABLE Ia 


DISTRIBUTION OF n AND s STARS AMONG MOUNT WILSON SPECTRAL CLASSES 


M | No. | Tota N No. | Tot 
pont CRP I ta D Total fount Mean | MLV N D Total 
Wilson lw | T Wt of | Range Wilson | 1 Wt of | Range 
Class = ; Stars} in M Class (Sa moet Stars} in M 
Aos | fe) Aon. +2.2 2/0.1 
AIs +1.0]1.49| 1 2° 1-06-11 oAen eco | Geto | (Mer 2a Wes 7 dae fio te 
A2s I.oj1.58| 10 | 16 1.8 Aan. 2.011 06] I§ | 27 | 0-6 
A3s PEE O71) 22) 164 1S Aj3n L-O1E 04) 12 | 27 |.0:3 
A4s 1.6]/1.62} 9 | 19 | 4.7 || Agn EOI. 031-23. | i2T-|0.8 
Ass 1.4/1.79/ 4] 11 | 4.8 |} Asn L.612:03| 13 | 36-1 0.7 
Aos | t.4ite7o}; 6§ | 4.) 2.21) Aon 1.8/2.16] 13 RAP PAS 
A7s | 1.6/1.96 7 | 25 | 4.4 || A7n r.Si2-201 0 | 26.) 3.3 
A8s | -Q:tlevos!] 3-) 26°) 5.97 1) Asn 2012. Tal) 4. [-2t | sg 
Ags I-+-2.3/2.23] 2 | 26 | 4.0 || Agn +2.01.69| 2] 23] 1.8 
Fos. . | | ° Fon fo) 
Mean 2 5|1.80 156 | 3.2 Mean +1.9/1.92 253 | 0.0 
TABLE Id 
DISTRIBUTION OF n AND s STARS AMONG HARVARD SPECTRAL CLASSES 
: No. | Total , N« Total 
Harvard Mean |M.V. at Peg Harvard Mean |M.\ : 
é | Wt of | Range : Wt of | Range 
Class M 63/7 ; : Class M €2/7 ; 
| Stars} in M Stars} in M 
Ao (s) +1.3]1.56) 16 | 29 | 2.2 Ao (n) SH Serir veel) Fl 23) |r 
A2 (s) r.2|1.64| 19 | 37 | 2.1 || A2(n) 1.9/1.68} 9 | 32 | 0.9 
A3 (s) 1. 7|r.88| 6 | 22 |..2.3 |} Ag @) LOWS 7Al- (0127-1 Da 
As (s) i-9|1.92| 4 | 11 |. 3.0 || As (po) 1.9/1 .88] 20 | 37 | 0.9 
Fo (s) +1.09/2.02| 10 | 30 | 4.8 || Fo (n) +1.9/2.13] 34 | 90 | 1.3 
Mean +1.6\1.80 129 | 2.9 Mean +1.9/1.79 219 | 1.0 
TABLE Ic 
MIss WILLIAMS’ TABLE OF n AND s STARS 
Adams and u M.V No. of Adams and vl | M.V | No. of 
Joy Class : €2/T Stars Joy Class ‘ €2/T Stars 
Bos —0.2 1.56 2 Bon +0.5 1.64 4 
Aos +0.2 1.58 I Aon o.9 | 2.67.1 8 
AIs 0.6° |] 289 3 Ain Ea; of SE6e ra) 
A2s O20] *-xs02 7 Aan “ey ain es) 6 
A3s 1.2 1.92 2 A3n 2.0: vl 2380 2 
nS 5 1.6 res. 2 A4gn 2.2 2.08 3 
As RE (OZ, 1.83 | 2 Asn +2.3 2.53 2 
Mean..| +0.7 | 1.66 | 20 Mean..| +1.6 | 1.84 34 
| | | 
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used as a means of determining the spectroscopic parallaxes of A- 
type stars,’ has disappeared. The luminosity of the n stars now ap- 
pears to be practically constant regardless of the spectral subclass. 
Thus the very effect for which an explanation was sought, the fairly 
uniform difference in luminosity between the n and s stars, has dis- 
appeared. The hypothesis of a rotational absolute-magnitude effect 
could now only be applied to the early A stars and would fail com- 
pletely for the late A’s, in which there is even some evidence for a 


difference of luminosity __, iarninsileaicealra taal 


in the opposite sense eereneesesececsceucscoccscncee 
from that in the early “2a op SS 
A’s, unless we assume ct eaenes seuseuseecseecsceuseaeacee 
that the rotation of the +, Sacesesueeesssscuscssscens 
late A stars is consider- |. -t z 
ably less than thatof the 9 =? 


rt oa 
early A stars. The mean 8 





luminosity for 255 +4 


Mount Wilson An stars ,¢ ps eebeecotescctstecceeccecsece 
is +1.9, the mean devi- euncnsescecucca™ SoS 
ation being but 0.25 68 Be Ao Az As As fo Fe Fs Fa Go 


mag. This is shown Fic. 1.—The luminosities of the Mount Wilson An 
graphically in Figure 1, stars plotted against Harvard spectral classes as ab- 
in which the luminosities scissae. The uniform clustering for all subclasses is 
of the Mount Wilson n 
and s stars are plotted against spectral class. The last column in 
Table Ia shows that the mean total range in luminosity within 
each subclass for the s stars is 3.2 mag., while for the n stars it is 
only o.g mag. Figures 1 and 2 show that the extreme range in lu- 


clearly shown. 


minosity for all the s stars is almost 7 mag., while for the n stars 
it is less than 2 mag. It seems very probable, therefore, that what 
luminosity difference is observed between the n and s stars of early 
A type can be explained by the fact that the normal sharp-line stars 
decrease in luminosity in the normal fashion as later spectral types 
are approached, but that the n stars cluster closely about a pre- 
ferred absolute magnitude of +1.9. 

There is some evidence that the same is true for B and O stars. 


7 Mt. W. Contr., No. 244, 1922. 
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or these classes neither good trigonometric nor spectroscopic paral- 
laxes are available. The Mount Wilson catalogue of spectroscopic 
parallaxes lists only five rotating B stars, but their mean spectro- 
scopic absolute magnitude is +2.0, the variation being less than 
half a magnitude. An examination of Struve’s table of B and O 
stars® shows that giant and supergiant stars exhibit the least rota- 
tion, the maximum rotation occurring in the intermediate and dwarf 

stars, and more often in 


eee eee eeaneeeneenanee the dwarf stars. This 
SAT LI i a a WS SO SO 


‘iusseuneaa places the preferential 
ORS «luminosity for these stars 
fh e: = /suuebeeees seseneusanae -=} at about +1.0. 

ieuey weuee Supee SESE = Ho It must be recalled 

+2 Saeaee suse Jcseseeees Jnseaaseneeual Pert nee 
ceauaeuses Scseecsse0cceeE seaee | that only luminosities 
ge scece reese trons tntes teces ceeee Sssseeceeceseesect! | derived from spectro- 
+4 Pot §= scopic parallaxes were 
StH Po is zs esesesees i HH used in the foregoing. To 
noo test whether the remark- 
Bs Bs Ao Az As As fo Fe Fs Fo able grouping of n stars 


Fic. 2.—The luminosities of the Mount Wilson about a given absolute 
As stars plotted against Harvard spectral classes as magnitude might be due 
— he normal Russell diagram distribution toasystematic difference 

in the assignment of spec- 
troscopic parallaxes, owing to the difficulty of estimating the intensi- 
ties of the “‘dish-shaped” lines in the n stars, the luminosities of these 
stars derived from trigonometric parallaxes were examined. Trigono- 
metric parallaxes are available for only 64 out of the 255 stars. The 
mean luminosity of these stars derived from trigonometric paral- 
laxes is +1.6 and the scatter is considerably greater than for the 
spectroscopic parallaxes. The scatter is easily accounted for, how- 
ever, by the probable error of the trigonometric parallaxes. The 
mean difference between the absolute magnitudes determined trigo- 
nometrically and those determined spectroscopically (M,—M,) for 
the 64 stars is 1.1 mag. The average probable error of the absolute 
magnitude associated with the probable error of the trigonometric 
parallaxes (AM,) is also 1.1 mag. The scatter is therefore equal to 


° Ad. J... 74, 225, 1931: 
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the probable error, and we can conclude that no large systematic 
error enters into the determination of the spectroscopic parallaxes 
of rapidly rotating stars. Further confirmation of this is given by a 
study of the ratio (M/,—M,/AM,); 1.e., the difference in absolute 
magnitudes determined trigonometrically and spectroscopically, in 
terms of the probable error of the absolute magnitude associated 
with the probable error of the trigonometric parallax, formed for 
some seventeen hundred stars of the Mount Wilson catalogue for 
which trigonometric parallaxes were available.’ The mean value 
of the ratio is 0.8, and its similarity to that for the rotating stars 
indicates that the spectroscopic parallaxes of the n stars are not 
systematically different from those of the other stars. In view of 
the foregoing, we are led to the conclusion that the preferential abso- 
lute magnitude of the n stars is real, and that the suggested absolute- 
magnitude effect due to rapid axial rotation does not appear to be 
present in any marked degree since there is no longer a constant 
systematic shift in luminosity between n and s stars of a given spec- 
tral class. 
THE COLORS AND THE CLASSIFICATION OF THE N AND § STARS 

Both Table Ia and Table Ic show the systematic difference in 
color for the n and s stars of each spectral subclass, which led Miss 
Williams to conclude that the then observed systematic shift in 
luminosity of the n stars with respect to the s stars was due to a 
spurious absolute-magnitude effect resulting from rapid rotation. 
For, if a star of a given spectral class be given a rapid rotation, the 
higher level of ionization resulting from the lowered surface gravity 
would lead to an earlier spectral class, while the color of the star 
would remain the same. 

An examination of Table Ib, however, shows that when Harvard 
spectral classes are used, the difference in color also disappears. The 
n and s stars of each subclass have the same mean color equivalents. 
The weights assigned represent the number of observations avail- 
able. The colors have been obtained from the catalogues of Becker 
and Bottlinger,’® of Hertzsprung,"" and of Miss Williams.'? The 

9 Unpublished material. 

10 Veroff. Berlin-Babelsberg Obs., 10, No. 3, 1033. 

1 Ann. Leiden Obs., 14, Part I, 1922. 2 Harvard Circ., 248, 1929 
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color indices given by Becker and Bottlinger were plotted against 
the color equivalents by Hertzsprung, and the resulting curve was 
used as a reduction-curve to make the results of the two catalogues 
comparable. If the Harvard classification of the n stars is consistent 
with respect to the usual criteria of classification, then this is added 
evidence that axial rotation has no marked effect on the spectral 
class, for the latter would demand a difference in color between the 


n and s stars of a given spectral class. 


TABLE II 


HARVARD CLASSES Mount WILSON CLASSES 


| | Aos, Arts A3s, A A¢ A7 
: Aos, Als, A3s, Agqs, Aés, A7s, 
Ao-A2(s); A3-As(s); | Fo(s);: 
: A2s; ASs; A8s; 
LINE i oStars | 2 Stars | 6 Stars | ; 
| | 5 Stars 6 Stars 3 Stars 


Aon, Arn, A3n, Aqgn, Aon, A7n, 


Ao-A2(n); | A3-As5(n); Fo(n); 
t : A2n; Asn; A8n; 
6 Stars 6 Stars 7 Stars 
| 5 Stars 7 stars 3 Stars 
CO TIN 5.4 12 26 54 8 21 | 30 
12 28 47 10 36 48 
Hy gI 100 62 72 05 gI 
g2 Q2 62 go } SI 57 
Fe I 4045 (14) (9) 16 9 14 
(6) 8 10 8 II 17 
Ca I 4226 (6) 10 21 6 8 14 
(6) 12 20 9 15 17 
Sr II 4078 (17) (7) 24 7 11 22 
21 


6 8 19 fe) 12 


The consistency of the Harvard system of classification with 
respect to the sharp- and diffuse-line Fo stars has already been indi- 
cated’ by the fact that the intensities of the K line of ionized calcium 
and H6 are the same for both the sharp- and the diffuse-line Fo 
stars. Reference to the spectrophotometric data compiled by Miss 
Williams" gives further evidence of the validity of the Harvard 
classification of n and s stars. Table II contains her data arranged 
in the first three columns in terms of the Harvard classes, and in 
the last three columns in terms of the Mount Wilson classes. The 


13 Ap. J., 82, 338, 1935. 14 Op. cit. 
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top number in each row refers to the intensities of the selected lines 
in the sharp-line stars, and the lower number to the intensities in 
the diffuse-line stars of the same spectral class. Total absorptions 
are given for K and Hy, while line depths in hundredths of a magni- 
tude are listed for Fe I 4045, Ca 1 4226, and Sr I 4078. 

It is apparent at once that the Harvard classification of the n 
stars is more consistent with respect to the normal stars of the same 
class than is the Mount Wilson classification, when these criteria 


are employed. The two nooner rere erm aeniing 


most prominent features 
in the A-type spectrum, 
the K line of calcium 
and the hydrogen lines, 





as criteria, indicate that, 
in general, then stars are 
classified too early by 
Mount Wilson. It is well 
known that the K line 
grows steadily stronger 











° ° os a ks Ae wt. AS fo fe fs fa 
in successive subdivi- oe 7 
; ‘ Fic. 3.—The Mount Wilson An stars arranged 
sions of the A spectrum, 


according to the Mount Wilson and Harvard spectral 
while the hydrogen lines classes. The left-hand portion of the graph is of nosig- 
have a maximum at_ Mificance since stars earlier than A are not included. 
about Az. Table Ii shows The rapid falling-off at the right, however, is real. 
that the total absorption of the K line is systematically greater for 
the n stars and that the hydrogen lines pass through their maximum 
much earlier in the n stars than in the s stars. These differences 
would disappear if the n stars were, on the whole, classified about 0.4 
of a spectral class later. 

Figure 3 gives the frequency distribution of the 255 n stars among 
the Mount Wilson and the Harvard spectral classes. Since stars 
arlier than A are not included, the left-hand portion of the graph 
is of no significance. The peaking of the n stars at Mount Wilson 
class A6n and at Harvard Fo is of considerable significance in view 
of the foregoing. The rapid diminution in number of n stars as later 
spectral types are approached has previously been pointed out.” 


S [hid.; Ap. J., 79, 357, 1934. 
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The neutral lines of iron and of calcium, and the ionized line of 
strontium are very weak in the A stars, but Table II indicates some- 
what that these also show the Mount Wilson n stars to be classified 
too early according to these standards. The parentheses indicate 
that only one measure has been available. In spite of the small num- 
ber of stars used, the results are consistent, the small scatter confirm- 
ing the accuracy of Miss Williams’ observations. 

We can interpret these results as a slight shift in the Mount Wilson 
classifications of the n and s stars. This systematic shift has 
previously been discussed by Lindblad," Miss Fairfield,’’ and others. 
There are, however, many individual cases in which the Mount Wil- 
son classification of the n stars is later than the Harvard classifica- 
tion. The mean color equivalent is available for only 12 stars of this 
type. The mean Harvard spectral class is A1.8, the mean Mount 
Wilson class is A4.2, and the mean color equivalent is 1.64, which 
corresponds to that of an Ar.5 star.’ Further, for those n stars 
which both Mount Wilson and Harvard classify as A-type stars, the 
mean color equivalent, 1.76, is in excellent agreement with the mean 
spectral class in both systems, A3. For those n stars, however, which 
are A stars in the Mount Wilson system (mean spectral class, A6) 
and F stars in the Harvard system (mean spectral class, Fo), the 
mean color equivalent for 18 such stars is 2.15, the color of a typical 
Fo star. 

The two systems of classification differ somewhat also for the 
sharp-line stars. Tables Ia and Ib show that the Mount Wilson As 
stars embrace a greater range in temperature and luminosity than 
do the Harvard A stars. From Ars to Ags in the Mount Wilson 
system the color equivalent ranges from 1.49 to 2.23, and the lumi- 
nosity from +1.0 to +2.3, while from Harvard Ao to Fo the color 
range is only from 1.56 to 2.02, and in luminosity from +1.3 to 
+1.9. 

THE ROTATIONAL ABSOLUTE-MAGNITUDE EFFECT 

The absence of the color difference and of a uniform shift in 
luminosity between the n and s stars of a given spectral class indi- 
cates that the expected effect of rotation on the spectrum does not 

16 Ap. J., 59, 305, 1924. 


17 Harvard Circ., 264, 1924. 18 Ann. Leiden Obs., 14, Part I, 15, 1922. 
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occur in any marked degree. The absence of such an effect is of 
theoretical interest. The studies of Elvey’? and of Miss Westgate? 
show the mean linear equatorial velocity of late A-type stars and 
early F stars to be very close to 100 km/sec and the maximum 
velocity to be 250 km/sec. Adopting a temperature of 7200° C 
(s’=0.70)"" and the mean observed luminosity of the n stars, +1.9, 
the hypothetical radius corresponding to these values is 2.6 ©, or 
1.83X 10% cm.”? The centrifugal force at the equator will reduce 
the surface gravity by 0.55 X 103 cm/sec? for the mean case, and by 
3.42103 cm/sec? in the extreme case of 250 km/sec. Since the 
maximum effects of the centrifugal force are felt only at the equator, 
it is necessary to multiply this value by the mean value of cos? @, 
2 where @¢ is the latitude, to arrive at the mean reduction in surface 
gravity. These values are then 0.36X10% cm/sec? and 2.28X 103 
cm/sec? for the mean and extreme cases, respectively. Russell’s 
formula for g for dwarf stars, log g/g° = —0.65+0.282,”3 where g° is 
the surface gravity of the sun and z=11,600/T, gives a value of 
1.7X 104 for the surface gravity of an Fo dwarf (T=7200). Thus: 


ga— ga=0.04X 104 (for the mean case) , 


ga— gu=0.23 X 104 (for the extreme case) , 


where the subscript d refers to a dwarf star and the prime to a rotat- 
ing star. Russell has used ga—gg=1.29X104 cm/sec? where the 
subscript G refers to giants, in computing the curves” for the num- 
bers of atoms active in the production of certain lines in giants and 
dwarfs of type Fo. 

In the mean, therefore, the effect of rotation is practically negli- 
gible. Even in the case of maximum velocity the effects are small, 
the change in mean surface gravity being scarcely one-fifth of that 
between dwarfs and giants. Table III gives the estimated changes in 
the number of atoms effective in producing a line on passing from 
a non-rotating star to one of equatorial velocity 250 km/sec. 
Column 1 gives the line, column 2 the computed difference in loga- 


19 Ap. J., 71, 221, 1930. 20 Tbid., 78, 46, 1933 21 Tbid., p. 239. 
22 Russell, Dugan, and Stewart, Astronomy, 2, 738 


23 Ap. J., 78, 239, 1933. 24 Ibid., pp. 289, 290. 
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rithms of the number of atoms effective in producing the line between 
giants and dwarfs, taken from Russell’s published graphs,” for 3’ = 
0.7 (Fo). Column 3 lists the ratio of effective atoms in a non-rotating 
dwarf star to those in a rapidly rotating star of class Fo, and column 
4 gives the square root of this ratio, since the total absorption of 
strong lines is generally taken to vary as the square root of the 
number of atoms concerned in their production. 

It is seen that even in the extreme case of an equatorial velocity 
of 250 km/sec the change in surface gravity is such as to change the 
total absorption of Ca I 4226, the most sensitive line considered, by 
less than 5 per cent. The other lines would be affected in lesser 


degree. 
TABLE: Tl 
Line log Lqa/Lg La La’ | Vv Li La’ 
Call K <+0.03 I.O1 I.O1 
Ca 14226... + .30 P.t0 1.05 
Hy — .10 0.96 0.98 
Fe I 4383 <-+0.20 1.09 1.05 


It would seem, therefore, in the particular case assumed above, 
that the rotational absolute-magnitude effect should be very small. 
It must be remembered that this result depends on the assumption 
of a hypothetical radius (2.6©) corresponding to an absolute magni- 
tude of +1.9. Since, however, the centrifugal force varies inversely 
as R (for a given surface velocity), while surface gravity varies in- 
versely as R?, a small change in the centrifugal force in a rotating 
supergiant star would be highly important and would cause a marked 
absolute-magnitude effect and even a mechanical instability of the 
star, as has been suggested by Struve.” No rapidly rotating super- 
giants are known among the A stars—perhaps for that very reason 

and statistically the effect of rotation in the intermediate stars of 
class A should be small. 

PERKINS OBSERVATORY 
DELAWARE, OHIO 
January 1936 
25 bid. 
26 Tbid., 72, 1, 1930. 








THE Be SPECTRUM VARIABLE, x OPHIUCHI 
C. H. CLEMINSHAW 


ABSTRACT 

x Ophiuchi shows correlated changes of hydrogen velocity and emission ratio, like 
other Be spectrum variables. A period of about ten years seems probable. The iron 
emission shows a similar period, but the helium absorption is out of phase and is more 
irregular. The helium singlets, \ 4144 and A 4388, give a mean velocity of 22 km/sec 
greater than the helium triplets, \ 4121 and A 4472 

x Ophiuchi' belongs to spectral class Be, which is characterized by 
emission lines of hydrogen superimposed upon diffuse absorption 
lines. The spectrum of this star has unusually strong emission lines, 
which usually appear single on the Ann Arbor spectrograms. Varia- 
tion in the relative intensity of the violet and red edges of the lines 
was found by McLaughlin.’ 

Changes in the emission ratio in other Be stars have been found to 
be accompanied by changes in radial velocity. This star was found 
to have a variable velocity, from two spectrograms in 1896 and one 
in 1902, taken at the Lick Observatory.* Measurements of the cen- 
tral absorption of Hy on these three-prism plates gave —11 km/sec 
for the first two and +21 km/sec for the third. In 1925, four one- 
prism plates obtained at the Lick Observatory? gave a mean velocity 
of —11 km/sec. However, this value depends on the lines of several 
elements in addition to hydrogen. 

The object of this investigation is to determine radial velocities 
from the lines of hydrogen, helium, and ionized iron, on an extensive 
series of spectrograms, and to correlate the velocities with the 
changes of the emission lines. 

THE OBSERVATIONS 

This study is based upon 113 One-prism spectrograms of x 
Ophiuchi taken at the Observatory of the University of Michigan. 
Five plates were obtained in 1913 and the rest during the interval 

ta 16%21™2, 6 —18°14’, mag. 4.9, spectrum B3e 

2 Pub. U. of Michigan Obs., 4, 184, 1932. 


3 Lick Obs. Bull., 5, 175, 1910. 4 Pub. Lick Obs., 16, 240, 1928. 
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1923-1934, inclusive. The southern declination of the star limits the 
observing season, so that most of the observations were made during 
the four months April—July, inclusive. 

The hydrogen lines HB, Hy, and H6 were measured on almost all 
the plates. Three settings were made on each line, one on each edge 
and one bisecting it. The velocity was obtained by averaging the 
bisection setting with the mean of the edge settings. 

Nine lines of ionized iron are definitely present as emission, but 
most of them are very poor, and only four have been included in the 
results. These are AX 4233, 4549, 4556, and 4584. Similarly, of the 
seven absorption lines of helium which were measured, only four 
have been used. These are AA 4121, 4144, 4388, and 4472. Because 
of atmospheric extinction of the violet light, resulting from the low 
altitude of the star, the helium line \ 4026 was toc poorly exposed on 
most of the plates. The line K of ionized calcium was measured on 
about one-third of the plates. The values of hydrogen emission ratio 
are those found by McLaughlin.s 


TABLE I 


NORMAL PLACES OF HYDROGEN VELOCITIES 


ane _ ae = = - - - — = ] 
| Weighted | No. of 





JD | 

: H Hy Hs 

we | age | ‘ | am | Mean | Plates 
1913.4. . g914* | +2 + 1 +7 | +3 | 5 
1923.3.. 3534 | +1 +4 | +12 | +5 | 8 
1924.4.. 3024 | +3 +e | OE 1 +8 } ot 
1925.4.. 4302 ~ 4 at a o> | =e I 7 
1920.4.. 4668 — 8 — 7 | —9Q | — 8 8 
1928.6 5471 | —25 97 — 2 — 20 I 
1929.5 a if - es | -s8 j -F |. = 6 21 
1930.5 6142 | —6 | —6 | +2 | = 4 15 
1931.4 6479 | — 5 — I | — 4 | — 3 7 
1932.4 63800 | ce) fe) fe) fe) rj 
1933.4 7235 | + 3 +7 | S30 T 7 17 
1934.5 7015 | + 3 + 6 +9 | + 6 6 


* First three figures are 241 for first entry 
RESULTS OF THE OBSERVATIONS 
Tables I-IV give the annual means of the individual lines and of 
the weighted means. Hy was given a weight of 2, and HB and Hé 


5 Op. cit., p. 185. 








each a weight of 1. Of the ionized iron lines, \ 4233 has a weight 2 
and the others each 1. The helium lines have been divided into two 


9914* 
3534: - 


3924 
4302 


4068. 


5471 
5784 
0142 
0470 
6866 
7235 
7615 


* First three figures are 241 for first entry. 


9914* 


3534 
3924 
4302 
4668 
5471 
5784 
60142 
0479 
6866 
7235 
7015 


* First three figures are 241 for first entry. 
groups, triplets and singlets. Of the triplets, \ 4472 has twice the 
weight of \ 4121; and of the singlets, \ 4388 has twice the weight of 
\ 4144. Table V gives the widths in angstroms and the emission ra- 
tios of the hydrogen lines. 
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TABLE III 
NORMAL PLACES OF HELIUM VELOCITIES 
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As a check on some of the measurements, it is worth while to in- 
clude a summary of the results obtained by two other measurers. In 
1924, P. A. Smith measured 6 of the 1923 plates and 5 of the 1924 


TABLE IV 


ANNUAL MEANS OF CALCIUM (K) VELOCITY 


D : ; No. of D : . N f 
J Velocity ee J | Velocity ‘seal 
24 4 Plates 242-4 Plates 
9907* — 23 I 6479 —I15 5 
39024 10 4 6806 12 3 
4302 13 2 7235 13 9 
4068 3 2 7551 “59 I 
5784. . 13 9 
6142.. — 9 6 Mean —12 


* First three figures are 241 for first entry. 


TABLE V 


HY DROGEN-LINE WIDTHS AND EMISSION RATIO 


LINE WIDTHS IN ANGSTROMS 


JD ss ae ee | EMISSION 
4 RATIO 
Hp Hy | Hé 

9914* 3.93 3.00 R>V 
3534 4.16 2.78 2.82 V=R 
3924 4.56 3.01 Pe oy R=V 
4302 3.600 2.74 3:2 R=V 
46068 3.50 2.62 2.95 | R>V 
S471. . 2.g1 2.48 2.81 ) ray 
S978A... 2172 2.68 2.82 R2V 
6142 4.106 2.03 2.79 R2V 
6479 4:72 3305 2.76 R>V 
6866 4.41 2.2% 2.73 R=V 
7235... 4.75 3-13 3.01 R=) 
7615 3.56 2.56 2.10 R=V 


*First three figures are 241 for first entry 


plates. In 1926, M. L. Zimmer measured all the plates taken in 1923, 
1924, and 1925—a total of 26. The results are given in Table VI. 
Although the velocities from individual plates scatter more widely, 
it is reassuring to find the yearly means in substantial agreement. 
All the writer’s normal places are presented graphically in Fig- 
ure 1. The emission ratios, and the weighted means of hydrogen, of 
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helium, and of iron are all represented by dots. The triangles stand 
for the weighted means of the helium triplets; the circles, for the 

TABLE VI 
RESULTS OF THREE MEASURERS 


| | 


me ee Helium | Helium All 
Year | Hydrogen Iron Triplets Singlets Helium 
1923 (S) | +6 | +18 —I3 +9 —2 
(Z)... +o 23 | 11 a> 7 
(C).... +5 | 19 | 16 +2 | 7 

| } 

1924 (S) +7 | +20 10 o) 5 
(Z) a +11 15 ° 8 

(C) = +4 +16 18 +2 g 
1925 (Z) o | +4 18 —6 12 
(?) io —2 | —4 —24 "3 oe 


- 


*S, Smith; Z, Zimmer; C, Cleminshaw. 
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Fic. 1.—Changes in the emission lines and radial velocities of x Ophiuchi 
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weighted means of the helium singlets. In the case of the line 
widths, 8 is represented by triangles, Hy by dots, and H6 by cir- 
cles. Connecting lines have been drawn as guides to the eye. The 
points at JD 5471 have been joined to the other points by broken 
lines, since they depend on only one plate in 1928. That plate was 
also measured by Dr. McLaughlin, and the adopted values are the 
means of his measures and the writer’s. The 1913 results have been 
separated from the rest by a vertical broken line to emphasize the 
gap of ten years occurring there. 
DISCUSSION OF RESULTS 

Hydrogen.—-There is no doubt of the variation of the hydrogen 
velocity. A period of about ten years is indicated, with maxima prob- 
ably occurring in 1923 and 1933. The close agreement of the 1913 
velocity with that in 1923 lends a little support to such a period. The 
1896 Lick value of —11 km/sec is close to the 1926 value of 
—8km/sec. However, the agreement of a few scattered points of pos- 
sible earlier cycles is not very significant, and it must be understood 
that the suggested period is only tentative. It is unfortunate that no 
plates were obtained in 1927 and that only one was obtained in 1928, 
as a minimum was apparently reached during that interval. The one 
velocity during that time happens to be consistent with the rest of 
the curve. 

The mean of all the hydrogen velocities is —1 km/sec. There ap- 
pear to be variations of short period, and an unsuccessful attempt 
was made to determine this period. The changes are perhaps irregu- 
lar. 

The negative velocities are accompanied by a strengthening of the 
red emission edges relative to the violet. The 1928 value of the 
emission ratio should be lower, but these estimates are difficult to 
make, at best, and a single one is of little weight. The value at JD 
6479 is also a little low, but the characteristic behavior of the Be 
stars is shown in the general correlation of the velocity-curve and the 
curve of the emission ratio. 

The widths of the emission lines, Hy and H6, appear to have been 
nearly constant, but the H curve looks like the velocity-curve, ex- 
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cept that the period is shorter. The means of all measures and their 
numbers are as follows: 


Number of 


a, d 

Line | Width Measures 
Hp 4.12A 107 
Hy 2.87 105 
Hi 2.86 a3 


Hy is of the same width as 6, which is unusual. However, these 
lines are narrow, and small differences of width are not easily de- 
tected. The narrowness of the lines may be attributed to a small in- 
clination of the star’s axis of rotation, as was suggested by Struve.° 
The total intensity of the emission has undergone no appreciable 
change. 

Tron.—The velocity-curve of ionized iron is similar to that of hy- 
drogen, though the variations do not occur simultaneously. The 
observations are not inconsistent with the suggested ten-year period, 
though the changes are not as regular as in the case of hydrogen. 
The mean of all iron velocities is +8 km/sec. 

Helium.—The helium velocities are more irregular and are out of 
phase with those of hydrogen and iron. The most striking fact is the 
difference in the velocities of the singlets and the triplets. \ 4144 
and \ 4388 belong to the same series, diffuse singlets. \ 4121 and 
d 4472 are both triplets, though the first belongs to the sharp series 
and the second to the diffuse series. There is an average difference 
of 22 km/sec between the two pairs, the triplets having a mean 
velocity of —15 km/sec and the singlets +7 km/sec. The forms of 
the two curves are somewhat similar, but the curve for the singlets 
lags about one year behind the other. 

A difference in behavior of these lines was found in 8 Monocerotis 
by Dr. M. Alberta Hawes.’ The triplets and singlets were out of 
phase, but no mention was made of any difference in the mean veloc- 
ities. M.K. Jessup, in an unpublished study of « Draconis, found a 
difference in velocity of triplets and singlets in the same direction 

SAD S94: 00; 1032. 

7 Pub. Vassar Col. Obs., 4, 36, 1934. 
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and of the same order of magnitude as in x Ophiuchi. These three 
instances may indicate that such differences are characteristic of 
helium in the atmospheres of Be stars. One might well ask whether 
the cause is to be found in a different location in the atmosphere of 
the atoms producing the two sets of lines or in actual physical effects 
of environment upon the atoms in the states involved. Not even a 
guess can now be hazarded as to the answer to this question. 

In this connection, it should be pointed out that Struve® found 
that the relative intensities of the helium lines are not the same in 
all stars. His results show that the ratio of intensity of singlet to 
triplet (4388/4472, 4009/4026, and 4144/4121) is greatest for stars 
of type B2 and decreases rapidly toward O and slowly toward Bo. 
This behavior of the helium lines was also noted by Marshall.’ 

Calcitum.—The K line of ionized calcium is of interstellar origin. 
The measures of it on 42 plates give a mean velocity of —12 km/sec. 
The angular distance of x Ophiuchi from the solar apex at 18"2™ and 
+ 28° is 52°. The component of the solar motion (19 km/sec) in the 
direction of this star is, therefore, — 11.7 km/sec, in excellent agree- 
ment with the measured value. 

CONCLUSION 

x Ophiuchi takes its place with the other Be spectrum variables 
in showing correlated changes of hydrogen velocity and emission ra- 
tio. It also has other points of resemblance to two Be stars. Agree- 
ment between the hydrogen and iron velocity-curves was found in 11 
Camelopardalis;’° also in that star and in 8 Piscium"™ the helium 
variations were out of phase with those of hydrogen. These two Be 
stars are like x Ophiuchi in having single emission lines. It would 
seem to be a characteristic of Be stars for helium to be out of phase. 
The difference in velocity between the helium singlets and triplets 
should be looked for in other Be stars. 

FLOWER OBSERVATORY OF THE UNIVERSITY OF PENNSYLVANIA 

UppPER DARBY, PENNSYLVANIA 
January 1936 


8 Ap. J., 74, 248, 1931. 

9 Pub. U. of Michigan Obs., 5, 162, 1934. 
© Pub, Vassar Col. Obs., 4, 41, 1934. 
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THE SPECTRAL VARIATIONS OF y CASSIOPEIAE 
Cc. H. CLEMINSHAW 


ABSTRACT 

A study of 160 spectrograms of y Cassiopeiae taken at the University of Michigan 
Observatory during an interval of 21 years (1914-1935) shows that its behavior is char- 
acteristic of the Be spectrum variables. The hydrogen lines show a correlation between 
changes of radial velocity and variations in the intensity ratio of the violet to the red 
emission components. 

Observations from 1914 through 1928, like those made by R. H. Curtiss from ror1 
to 1914, do not show any undoubted variation in velocity or emission ratio. Systematic 
changes began in 1929, resulting in a slow decrease in the hydrogen emission ratio and 
in the velocities of hydrogen and ionized iron. This was followed in 1932 by a more 
rapid increase, the violet component at the end of 1933 being more than twice as 
strong as the red, and the hydrogen velocity increasing by about 20 km/sec. During 
part of 1934 the lines were narrow and appeared single; and when both components 
were visible again at the end of 1934, the red one was nearly three times as strong as the 
violet, and there was a corresponding decrease of velocity. 

The behavior of this star has been irregular, but it has been much like that of another 
Be star, 8 Monocerotis. 

y Cassiopeiae' was first observed spectroscopically in 1866, when 
Secchi noticed emission lines in its spectrum. A complete summary 
of the observations from that date until 1914 is given in the work of 
Curtiss.? Although the velocity was announced by Hartmann as 
variable, the observations by Curtiss from 1911 to 1914 do not show 
any undoubted variation. The mean velocity obtained by him from 
74 plates was —6.4 km/sec. The Lick observations? give a value of 
—4.7 km/sec. An emission velocity of —14.4 km/sec and an ab- 
sorption velocity of +8.5 km/sec were found at the Yerkes Observa- 
tory. The latter value, however, depends on only three plates. The 
velocity adopted in Moore’s General Catalogue of Radial Velocities® is 
—6.8 km/sec. 

Each of the hydrogen emission lines on the Michigan plates, ex- 
cept H£, is divided into two components by a central absorption 
line. In 1932, McLaughlin’ suspected a slight change in the inten- 
sity ratio of the violet to the red emission component, especially from 


ta o%som7, § +60°11’, mag. 2.25, spectrum Boe. 3 A.N., 173, 102, 1906. 
2 Pub. U. of Michigan Obs., 2, 1, 1910. 4 Pub. Lick Obs., 16, 11, 1928. 


> Frost, Barrett, and Struve, Ap. J., 64, 11, 31, 1926. 
6 Pub. Lick Obs., 18, 7, 1932. 
7 Pub. U. of Michigan Obs., 4, 177, 1932. 
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1915 to 1925. During the latter half of 1932, the violet component 
became much stronger than the red, and this led to the present at- 
tempt to determine whether this star, like other Be stars, has a vari- 
able radial velocity. The change in the emission ratio was found in- 
dependently by Lockyer.*® 

THE OBSERVATIONS 

This study is based upon 160 spectrograms of y Cassiopeiae taken 
at the Observatory of the University of Michigan between October 
24, 1914, and March 23, 1935. All of these were made with the one- 
prism spectrograph attached to the 37-inch reflecting telescope, 
with the exception of 16 plates which were taken with the two-prism 
spectrograph from August 21, 1927, to July 24, 1928, and one two- 
prism plate on January 27, 1935. 

The hydrogen lines H8, Hy, and Hé were measured on almost all 
plates; and He and Hf were measured on a few. HB appears as a 
single emission line and three settings were made on it, one on each 
edge and one bisecting it. The bisection setting was averaged with 
the mean of the edge settings to give the adopted ‘‘velocity of the 
emission edges.’’ The other hydrogen lines appear double, and five 
settings were made on each of them as follows: 

1. Violet edge of violet emission component 
Center of violet emission component 


NO 


. Center of central absorption component 
. Center of red emission component 
. Red edge of red emission component 


uw & W 


From the mean of the edge settings was derived the velocity of the 
emission edges, and from the mean of the settings on the emission 
centers was found the velocity of the emission centers. The third 
setting gave the velocity of the central absorption. Emission widths 
were computed from the differences of the edge settings. 

Measures were also made, on some of the plates, of several ab- 
sorption lines of helium and of emission lines of ionized iron. How- 
ever, these lines are so poor that the results were rejected, except in 
the case of the ionized iron lines, \ 4233 and A 4584. 

Visual estimates were made, by Dr. McLaughlin, of the ratios of 
intensity of the violet to the red component at Hy and H6. This is 


8 M.N., 93, 362, 619, 1933. 
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referred to as V/R. He also estimated on many plates the ratio 
E/C, which is the intensity of the emission line relative to the neigh- 
boring continuous spectrum. 


TABLE I 
NORMAL PLACES OF VELOCITIES IN KM/SEC 


ABSORPTION | Emission CENTERS EMISSION EDGES | 
JD a | | No. or 
a | _. | wed. | _ | Wtd MY ies 
| oe Mean | al a Mean aid oil is Mean 
0447 — 5| —10| — 7 6 8| — 7 31} + 4) — 21+ 11 4 
0865 +13} — 6} + 7| +11 8} + 5 6} — 11 —15| — 6 2 
1150 — 3,-+- 1] — 24— 1 = ] 15 ° Isj — 7 2 
15960 = 5) =e 7 a 10 5 io; — 6 6 10 2 
2280 = 30 o| — 7] — o| + 2 5 of a ee 9 
2682 | =o) — 4b 3h. = 6 O 2) 2 10 2 4 
2955 — 7) —13| — 9] — 4] —12 71 —t1 ° oj — 3 2 
3720 + 8 + 6 + 7} + 2} + 55) + 3) + 6/ -—1 Oo} + 1 4 
4108 men |) Koay lo! rae 2) i  Mliealas 3) eat, * Oo — 5 2 
4451 dee ae Fe a I ei = eee A 
4850 —E2) — §) 16) -- ft) — 6 9 Oi) Ok =" eas Bs 
4900 = 4h AL a eee A fo) 4 oi — a Fa 
5155 ee a me | emailer 3 4 sole | Mieete | Seon 14 
5492 = OL = Oo — 6 fe) 5 2 14 _ -10 3 
5860 — 5 —20) — 17| — he 14 14 - 6 —T4 10 II 6 
6254 =F) EL) 24) 4 —s 11 SS ER = SG “ea 4 
6639 | — 8| — 8 —26| —26 Oo} —10| —20) —13 2 
6912 == (Gt =a PI) (e) 15 ot = 77 Oo} —18| — Oo 2 
6955 <EOl = 2 == Fh = sh = g i —-7 14 z= 9 2 
7007 +10} + 7] + of +15} + 2| +11) +11/ + 8 o| + 7 2 
7028 — 6| +11 o} —10] + 8 4 Ir} —10}/ — 2} — 8 2 
7045.. —11| +19/ — 1| — 4 + 9 fe) 11| — 8| + 3) — 6 5 
7120 —2— § = 4 — a= 7 > 4) (—14)| — 2) — 2 — 2 5 
7228 i= 3 = 2 OF. ah Siege ae aoe Oe 
7204 | + 7] — 8 + 2] + 4] — 4| + 1] (-—22)) — 5| + 2] — 3} ~8 
7284 5 gh at ae ae el. ec | eae 
7345 + 8) +22) +13) + 9) +16) +11 +10) +25} +15} 4 
7382 +11] -15| +12} + 2| +10] + 5 “> 3) =“ 14) -e 7 4 
7478 +13} +18) +15] + 1] +13] + 5|(-—29)]} — 9] + 2} — 5| 9 
7579 =ESt = 4s 2 
7713 | + 5) + 4 + 5 6 
7750 341 ~ 30) — 36) —23| —26) —24 ~~ ie yy 
7833 = Of S25 SER SS Fee == Tr =a5s 9 3 


| 
| 
} 
| 


RESULTS OF THE INVESTIGATION 
The observations from the 160 spectrograms have been grouped 
into 33 normal places in Table I. This gives the velocities of the cen- 
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tral absorption and of the emission centers for Hy and H6, and the 
velocity of the emission edges for HB, Hy, and H6. Weighted means 
are also included, Hy having a weight of 2, and HB and H6 each hav- 


TABLE II 
NORMAL PLACES OF EMISSION RATIOS AND EMISSION WIDTHS 


Emission Ratio (V/R) EMISSION WIDTHS IN A 
JD aici - No. OF 
2424 : Wed. | PLATES 
Hy Hé Hp Hy Hd 
Mean | | 
0447 1.02 I.0O I .O1 4.63 4.24 3.54 4 
0865 rae I.10 ee 5.00 4.52 4.07 x 
II50 1320 I.00 P93 6.22 3.81 3.49 2 
1596 r..20 I.00 1.13 5.53 | «4.40 3.94 | 2 
2280 I.00 I.07 LiO2 5.34 | 24.28 4.24 9 
2682 1.08 1.02 1.06 S252 4.18 Hee: 4 
2055 0.80 I.00 0.87 pee Be 4.10 A 22 2 
3720 I .00 I .00 I.00 5.03 Ata 4.11 2 
4108 [xEs I .00 r.50 5.38 4.60 4.53 2 
4481 Pe 1.00 ae © SAy 4.58 3.99 7 
4850 I.05 r.03 1.04 5-91 4.58 4.62 15 
4900 0.96 e310 I.O1 5.41 4.40 4.19 12 
5155 ro! 1.03 I.02 4.96 2°05 3.87 14 
5492 I .03 I .03 1.03 5.19 4.03 4.27 3 
5860 | 0.95 E05 0.98 | 5.44 4.40 24 6 
6254 0.82 E.3k3 0.92 5-44 4.04 4.00 4 
6639 0.85 0.85 0.85 6.09 4.32 3.49 2 
| 
6912 0.95 1.05 0.98 5-44 4.54 4.08 2 
69055 L.O5 I.30 oe | 5.09 4.50 ND $e 2 
7007 I.20 I.40 re 6.00 4.94 4.54 2 
7028 I.30 1.40 .33 6.69 5-20 4.93 3 
7045 1.00 I.20 oe 6.13 4.80 4.54 5 
7126 1.48 1.58 ee 522 4.62 4.34 5 
7228 1.83 2.05 I.go 94 4.40 4.40 6 
7204 2.18 2:02 2.13 6.03 4.60 4.21 8 
7284 I.go 2.322 2.01 4.68 4.18 4 
7345 2.50 2.70 2.57 4.40 4.43 4 
7382 2.37 2.33 2.36 4.40 4.15 3 
7478 2.30 1.95 2.18 4.47 eye 3270 9 
7579 I.50 2.50 Lies 4.63 ee iy 3.11 2 
7713 I .00 I.00 I .00 2.3% 2,02 257 6 
775° 0.33 0.45 0. 37 . 3.41 3.03 2 
7533 0. 38 0.39 0. 38 3.50 3.22 3 


| 
| 
| 


ing a weight of 1. In the case of the velocity of the emission edges, 
the weighted means from JD 7126 to the end of the table depend 
on only Hy and H6, and the values of Hf have been put in paren- 
theses. The reason for this will be discussed later. 
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Table II contains the normal places of the emission ratio V/R 
and the emission widths. Weighted means of V/# are included, but 
no means of emission widths, since the values vary with wave- 
length. 

The normal places are presented graphically in Figures 1 and 2. 
Figure 1 shows the line widths in angstroms, the emission ratio 
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Fic. 1.—Line widths, emission ratios, and radial velocities in y Cassiopeiae 


V/R plotted logarithmically, and the velocities of the individual 
hydrogen lines. H£ is represented by triangles, Hy by dots, and H6 
by circles. To facilitate following the changes, the points have been 
connected by straight lines, which are not intended to represent the 
exact course of the variations. 

For comparison, Lockyer’s values of the emission ratio for Hy have 
been reproduced from his paper,’ in which he tentatively suggested 


9 Thid., p. 309. 
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a period of about four years. The filled triangles represent the 
“‘good,”’ and the open triangles the ‘‘poor,’’ wedge measures. The 
dots represent the “good,” and the circles the “moderate,” eye 
estimates. The curves have been inverted in order to agree in direc- 
tion with the writer’s curve, but no other change has been made in 
them. After Figure 1 had been completed, another paper by Lock- 
yer appeared,’® containing more observations, which have not been 


4 


6000 


Fic. 2.—Means of hydrogen velocities and of emission ratios in y Cassiopeiae 


reproduced. In this later paper, he abandons the possibility of a 
four-year period. 

Figure 2 represents the weighted means of the hydrogen velocity 
and of the emission ratio. 

DISCUSSION OF RESULTS 

In the discussion of the results, the normal places will be referred 
to by their Julian Day numbers, with the first three figures (242) 
omitted. First, it is of interest to examine the curves for a periodic 
variation. The most that can be said is that the velocity curves of 


10 Thid., 95, 520, 1935. 
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Figure 2 show very slight indications of a period of about eleven 
years, with minima near JD 2000 and JD 609co. In this connec- 
tion, four Yerkes observations" in 1918 give a mean emission veloc- 
ity of —21 km/sec. This rather large negative value occurred during 
a season when no observations were made at Ann Arbor. The epoch 
for these four plates is JD 1811, near the time of the suggested pos- 
sible minimum. 

However, considering the interval from 1914 through 1928, in- 
cluding the normal place at JD 5492, one might well say that varia- 
tions of velocity cannot be regarded as definitely established. In 
particular, there are only three points which depart conspicuously 
from the mean. Those at JD 0865 (second from the left) and at 
JD 3726 (middle of diagram) each depend on three plates, and each 
is influenced by a large positive value of one plate. The point at 
JD 4108 depends on only two plates, one of which is overexposed. 

The weighted mean velocities of the 14 normal places in this inter- 
val (1914-1928) are —4.8 km/sec for the absorption, — 3.4 km/sec 
for the emission centers, and —5.0 km/sec for the emission edges, 
with a probable error of +0.8 km/sec for the first two and +0.5 
km/sec for the third. These are based on 82 plates and are very 
close to the value of —6.4 km/sec obtained by Curtiss for the years 
1911-1914. The constancy of the velocity is confirmed by the emis- 
sion ratio, which has a mean value of 1.04 for those 14 years. It 
dropped below unity only once, and it was never greater than 1.2 
during that time. The conclusion is that the velocity and emission 
ratio remained constant from 1g11 through 1928, except for possible 
short-period variations of very small amplitude. 

Beginning in 1929, however, there is evidence of a systematic 
change. The normal] place just preceding JD 6000 and the two 
following it are considerably lower than those in the first large group 
(1914-1928). The drop of the emission ratio below unity is confirmed 
by Lockyer’s curves, which show the red component a little brighter 
than the violet. This is accompanied by drops in the velocity-curves, 
the change in absorption velocity slightly preceding the others. 

In 1932 there is a very marked change in the opposite direction. 
All three emission-ratio-curves agree in showing that the violet com- 


AD. J.; 64; 3%, 1926. 
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ponent becomes increasingly stronger than the red, and that the 
velocities become positive. There is an interruption in the rise of the 
curves; and for that reason the twelve normal places, from JD 6912 
to JD 7478, inclusive, have been divided into two groups for com- 
parison. The means of each group, together with the means of the 
two groups previously discussed, are given in Table III. 

If the first group may be considered normal, the second is well be- 
low normal, the third slightly above, and the fourth well above. All 
three velocities and the emission ratio show this variation. The last 
value of the velocity of the emission edges would be lower if //8 were 


included in the mean. However, the four rather large negative values 


TABLE III 


MEANS OF FOUR GROUPS OF NORMAL PLACES 


HYDROGEN TRON 
Dati 

Em 

Em No. of o. of 
Abs Cen V/R } AK 458 Mear 4 

Edges Plates "| Plate 

ter 
IQI4-1925 4.6 3.4 5.0) 1.04 52 re) 7 5 24 
1929-1931 =—I4..5 i<.6 II.7| 0.94 12 25 2 13 3 
1932.9 7 2.4 425) T2325 19 + $ 6 + I 10 
1933.7 + 6.git 2.3/+ 0.3] 2.16 34 +15 +18 +16 10 


of HB, represented by open circles in Figure 2, are believed to be 
erroneous, owing to the shift of the center of density of the unre- 
solved double line toward the violet. //8 is not resolved on the plates, 
and the increase in the strength of the violet part relative to the red 
probably causes one to make settings systematically in error in the 
negative direction. 

The velocities derived from absorption, emission centers, and 
emission edges are in close agreement within each of the first three 
groups in Table III. In the fourth group, the absorption velocity 
is about 6 km/sec higher than the mean of the emission velocities. 
However, it is uncertain whether this difference is real. The red com- 
ponent during this interval was so weak on many of the plates that 
settings on the center and on the edge of it were difficult to make. 

Also included in Table III are the results of the measures of the 
ionized iron lines, \ 4233 and A 4584. The values of individual plates 
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scatter considerably, but they have been divided into the same four 
intervals of time as the hydrogen lines, and means have been taken. 
‘rom these it appears that iron undergoes changes similar to those 
of hydrogen, but possibly of greater amplitude. 

In May, 1934, a significant change was noted in the hydrogen 
lines. Hy and H6, which had always been double emission lines, ap- 
peared single on May 21 (J.D. 7579). The central absorption was 
missing, and it did not appear again until the following November. 
Unfortunately, no plates were taken during the summer, but six 
plates in September and October show the lines as single. 

This confirms the work of Lockyer,'? who found that “//y, 76 and 
He, during the long period from 1934 March 27 to November 2 ex- 
hibited only one strong bright line.”’ His interpretation was that 
“during those months this bright line, which was the violet com- 
ponent in 1934 February, maintained its intensity, but gradually 
moved towards the red end of the spectrum, and just at the end of 
this period, namely, 1934 December 209, reached the position where 
the red component should appear.”’ He reached this conclusion by 
placing the negatives film to film and noting a distinct creep of the 
line from its initial position opposite the violet component (on a 
negative showing both components) to its final position opposite the 
red component. 

It will be of interest to see if such a change is verified by the meas- 
ures of the Ann Arbor spectrograms. All the plates from 1914 
through 1926, during which interval the velocity and the emission 
ratio appeared to be constant, were used to find what might be called 
the “normal” positions of the emission components. For Hy, the re- 
sults, in km/sec, were —77 for the violet component and +75 for 
the red. For #6, the values were, respectively, —88 and +78. The 
two plates of May 21, 1934, give a weighted mean velocity of —11 
km/sec for the single emission lines, Hy and 6. The corresponding 
value for the plates from September 25 to October 13 is +5 km/sec. 
From this it is seen that the center of the single emission line was not 
near the normal position of either the violet or the red components, 
and that it shifted only 16 km/sec, or about one-tenth the distance 
separating them. 

From the 1914 to 1926 measures, the doublet separation in km/sec 


12 UM N., 95, 525; 1935. 
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is 152 for Hy and 166 for H5. From November 7, 1934, to March 23, 
1935, both lines have a separation of 116 km/sec. This decrease has 
been previously noted by J: F. Heard*s on several Yerkes plates of 
higher dispersion. One of these occurred during the time when the 
emission was single on the Ann Arbor plates. On September 21, 
1934, a doublet separation of 113 km/sec is given for the two Fe 1 
lines, \ 5169 and A 5316. This suggests that possibly the reason for 
the appearance of the lines as single on Lockyer’s objective-prism 
plates and on the Ann Arbor one-prism plates is their limited reso- 
lution. 

A possible interpretation of what happened is that the strong vio- 
let component and the weak red one approached each other until 
they were unresolved, then became equal in intensity, then reversed 
their inequality, and finally moved apart again. For the separation 
of the components to be smallest when they are equal is typical of 
several Be spectrum variables, notably 25 Orionis™ and ¢ Persei.' 
With this interpretation, y Cassiopeiae has done what other Be stars 
do, and its behavior seems unusual only because of the more con- 
spicuous change in the width of the lines. 

There appears to have been no definite variation in the widths of 
the emission lines until 1932. At that time there was a marked in- 
crease in all three line widths, which reached their maxima when 
the emission ratio reached its first peak. Then they decreased while 
the emission ratio went up to its maximum value, though one point 
on the H6 curve seems to indicate that it reached a secondary peak. 
The widths continued their decrease until October, 1934, when they 
reached minimum values of 3.31 A for HB, 3.03 A for Hy, and 2.57 A 
for H6. These may be contrasted with the mean widths of the lines, 
as found by Curtiss” and by the writer, as follows: 


IQII-IQI4 5.006 A 4.40A | 3.94A 
1914-1931 5-35 4.30 | 4.14 


13 Ap. J., 81, 341, 1935. 

'4 Helen W. Dodson, dissertation, University of Michigan, unpublished. 
‘SH. F. Schiefer, dissertation, University of Michigan, unpublished. 

%© Pub. U. of Michigan Obs., 2, 1, 1916 
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The ratio of the emission to the continuous spectrum does not 
show definite variations. When the components are very unequal, 
there is an appearance of a change; but'this is probably not real, for 
the weakening of one component nearly, if not quite, balances the 
strengthening of the other. The definite determination of changes of 
intensity of emission would require measures on a microphotometer, 
of plates of higher dispersion than those available. 

The behavior of this star is characteristic of the Be spectrum 
variables, as is shown by the correlation of velocities with emission 
changes. Though the variations appear to be irregular, a striking 
similarity is shown in the curves of the hydrogen velocities and of 
the emission-ratios of 8 Monocerotis, which was studied by Dr. 
Hawes.'’? In that case, the emission ratio, V/R, of HB remained 


TABLE IV 
Abs. Vel. | Em. Vel. | Log V/R 
km /sec) km /sec) 
~ Aquarii 120 go 0.78 
25 Orionis 130 110 64 
68 Monocerotis 50 75 60 
y Cassiopeiae 47 32 0.88 


equal to unity for about 15 years, then dropped below unity for sev- 
eral years, and finally increased rather suddenly to a value greater 
than 2. Corresponding changes occurred in the velocity, though it 
decreased sooner than did V/R. On the basis of the mechanism of 
Be stars suggested by McLaughlin,"* it would appear that in the 
cases of both y Cassiopeiae and 8 Monocerotis, the stellar atmos- 
phere remained quiescent for a considerable time, then slowly ex- 
panded, and then rapidly collapsed. The changes in y Cassiopeiae 
during 1934 would indicate another expansion. 

The range in velocity is not as great as might be expected from the 
changes in the emission ratio. Table IV gives a comparison of the 
ranges, in round numbers, of absorption and emission velocities and 


17 Pub. Vassar Coll. Obs., 4, 36, 1934. 
18 Proc. Nat. Acad., 19, 44, 1933. 
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of log V/R of Hy in w Aquarii,'’® 25 Orionis,?° 8 Monocerotis,”" and 
y Cassiopeiae. Of these four stars, y Cassiopeiae has the smallest 
range of velocity and the largest range of emission ratio. 


I wish to thank Dr. Heber D. Curtis for the equipment and ob- 
servational material made available to me; Dr. Dean B. McLaughlin 
for his very helpful suggestions and advice; and the Executive Board 
of the Graduate School of the University of Michigan for the grant 
of a university fellowship which made this study possible. 

FLOWER OBSERVATORY OF THE UNIVERSITY OF PENNSYLVANIA 
Upper DARBY, PENNSYLVANIA 
January 1936 
19 Pub. U. of Michigan Obs., 4, 44, 1931. 


20 H. W. Dodson, op. cit. 
21 Pub. Vassar Coll. Obs., 4, 31, 1934 
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The Theory of Atomic Spectra. By E. U. Conpon and G. H. SHORTLEY. 

New York: Macmillan Co., 1935. Pp. 441. $11.00. 

The Theory of Atomic Spectra, by E. U. Condon and G. H. Shortley, 
does not pretend to be an elementary introduction to the subject. The 
authors specifically state that they have not aimed at any complete formu- 
lation of the principles of quantum mechanics, since several elementary 
textbooks are available. 

The first chapter of the book is introductory and historical. The most 
difficult and abstruse sections of the book are to be found in chapter ii, 
an exposition of the quantum-mechanical methods employed by the 
authors. The difficulty lies in the fact that the theoretical approach is via 
the matrix algebra rather than the more readily visualized wave me- 
chanics. The Dirac formulation, while admittedly elegant, is not as famil- 
iar to the average reader as the Schrédinger representation. 

The remainder of the volume is devoted to the two aspects of atomic 
phenomena that are of chief concern to the astrophysicist, viz., energy 
levels and the intensities of spectral lines. The book is unquestionably the 
most complete theoretical discussion now available of the spectra of both 
simple and complex atoms. The results of the various investigations are 
of extreme importance to the astrophysicist, and numerous astronomical 
problems are discussed, such as forbidden lines and absorption coefficients. 
An extremely useful and complete treatment of the hydrogen-intensity 
problem is given. The questions of absolute intensities and transition 
probabilities are discussed in considerable detail. It is unfortunate that 
the abstruse character of the book is likely to limit its usefulness to astro- 
physicists, for the subject matter dealt with is fundamental to anyone 
who is working on the interpretation of absorption and emission lines. 

DoNnALD H. MENZEL 


Lunettes et télescopes. By A. DANJON and A. Couper. Editions de la 
Revue d’optique théorique et instrumentale. Paris, 1935. Pp. 715. Un- 
bound, Fr. 100; bound, Fr. 120. 

The authors have given a clear and very complete account of the 
theory, adjustment, and use of telescopes and of many kinds of tele- 
scopic equipment. Included in the contents, in addition to the more 
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common topics, are discussions of the mirror systems of Schwarzschild, 
Chrétien, and Schmidt, and a seventy-five-page section dealing with 
aberrations of lenses and mirrors. The subjects of telescope objectives 
and mirrors are treated at considerable length and more than one- 
third of the book is devoted to the construction of instruments. The 
five general divisions of the work are: general theory and conditions of 
use; description of aberrations; objectives, mirrors, and eyepieces; the 
construction of instruments; and a historical section. In a work of such 
length it is unfortunate that instruments of the importance of the 
spectroheliograph and the spectrohelioscope are not mentioned, and the 
section on spectroscopy is certainly not as complete as might be expected. 
The book should, nevertheless, be of considerable value to the practical as- 


tronomer. 


W. W. MorGan 


Il sole. By G. ABeEtti. Edition Ulrico Hoepli. Milano, 1936. Pp. 410. 

Unbound, L. 22. 

The present work, which is a revision and enlargement of the author’s 
monograph in the Handbuch der A strophysik, is a very readable and clearly 
written description of the present status of our knowledge of the sun. The 
numerous illustrations are of excellent quality. 


ERRATUM 
In Volume 81, page 174, of the Astrophysical Journal the ordinates of the 
lower part of Figure 1 should read +0.120, +0.140, +0.160, +0.180, instead of 


+1.20, +1.40, +1.60, and +1.80. 
C. T. ELVEY 
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Annual Tables of Constants ATC 


and Numerical Data 


A NEW VOLUME 
of numerical documentation of SPECTROSCOPY 


To the Readers of the Astrophysical Journal.— 

This new Volume is a reprint of Volume X (1930) of the ATC. All explanations of the Tables 
are given both in English and in French. It contains, as do the preceding ones, all the numerical 
documentation on the Emission-Spectra (Dr. Bruninghaus)—Electromagnetodptics (Prof. Wolfers) 
—Zeeman Effect (Dr. P. Auger) and Absorption Spectra (Prof. V. Henri). 


This latter part is an original work of considerable value. 
310 pp. Bound Copy $10. 
Orders ought to be sent directly to the Secretary of the International Committee of ATC. 


11, Rue Pierre-Curie, Institut de Chimie, Lab. d’ Electrochimie, Paris 5° 


accompanied by the amount in a check on a Paris bank, or a money-order in the name of M. C. 
Marie. 


Reprints of Spectroscopy from previous Volumes will be sent to you at a 50 per cent reduction. 
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